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1SUMMARY
T he m e c h a n ism s  by  w h ich  e x tra c e llu la r  pH  (pH0) a n d
in tracellu lar pH (pHj) affect vascu lar tone, and  by  w hich pHj itself
is  regu la ted  in  the  v a sc u la r  sm oo th  m u sc le  cells, have been  
investigated.
The m ajority  of experim ents were carried  o u t w ith  isolated 
rab b it ears activated w ith lCT^M norad renaline  and  perfused a t 
c o n s tan t flow. O ther p rep a ra tio n s  s tud ied  w ere perfused  whole 
fem oral b eds of ra b b its  an d  frog w hole body. The perfusing
so lu tio n s  w ere p h o sp h a te , H epes o r CO2  /  HCO3 " - buffered
Ringer's having Cl" as the  bu lk  anion, and  appropiately oxygenated.
p H j w as m odified  a t  c o n s ta n t  pH 0  u s in g  two d ifferen t
procedures, one w as the  application and  w ithdraw al of CO2  and
th e  o th er w as the  "NH4 + pulse" techn ique , w hich  involved the
application and w ashout of NH4 +.
The p ro ce d u res  w h ich  can  be expected  to  low er pHj a t
c o n s tan t pH 0  bo th  raised  tone while the  reverse steps reduced it.
W ith every fluid used  NH4 + application or lowering /  w ithdraw al
of CO2  d ila ted  th e  v a scu la r bed  while NH4 + w ithdraw al or
elevation /  application of CO2  constricted  it. The time courses
of the  changes in tone were rem in iscen t of pH responses to the 
above procedures, show n by in tracellu lar pH electrode
2m easu rem en t in  various cell types e.g. vas deferens (Aicken, 1984),
sq u id  g ian t axon  (Thom as, 1974, *84) an d  pH | e stim atio n s by
N.M.R. te c h n iq u e s  w ith  m ixed a rte r ia l p re p a ra tio n s  (Dawson,
Spurw ay and  Wray, 1985) - in  all these  cases extracellu lar NH4+
tran s ie n tly  ra ise s  cytoplasm ic pH while the  su b seq u en t w ashou t 
carries it for a  period below the  control level. By co n trast w ith the
m am m alian p r e p a r a t io n s  NH 4 + a p p lic a t io n  a c tu a l ly
vasoconstric ted  while its w ithdraw al vasodilated.
The p h en o m en a  w ere investigated  u n d e r  vary ing  ionic an d
ex te rnal conditions an d  were com pared u n d e r th ree  pH 0 's: 6.7,
7 .2 , 7 .7 . T here  w ere no q u a lita tiv e  d ifferences u n d e r  all 
conditions though  quantitatively  there  were variations. The resu lts
excluded all the  explanations of the  classical pH 0  effect invoking
d ire c t  H+ in h ib it io n  of in tr a c e l lu la r  e v en ts . T herefo re  
d isp la c e m e n t of C a ^ + by H+ from  se q u e s te rin g  s ite s  (S.R; 
m itochondria) o ther th a n  the  myofibrils them selves w as proposed
to accoun t for these pHj effects observed.
Some in terventions, know n to affect pHj hom eostasis in  o ther 
cells, w ere em ployed to e s tab lish  possib le  m echan ism s of pHj 
regulation. R eplacem ent of all Cl”0  w ith  PI1SO3 ", or H2  PO4 '  w ith  
HCO 3 ”, and  the  application of S.I.T.S. or amiloride all retarded  the 
adap ta tion  of tone from NH4 + dilatation. Replacem ent of all Na0+
3w ith  Li+ , choline, sucrose  or K+, rep lacem en t of H2  PC>4 _ w ith
H C O s" an d  app lica tions of S.I.T .S., ouabain , am iloride and  its
derivatives all re ta rded  to varying degrees th e  ad ap ta tio n  of tone 
from  th e  w ash o u t constriction. Notably am ong th e  la tte r  w as the 
lOx g rea ter potency of a  claimed Na+ - H+ exchange inhib itor th an  
of a  claim ed 2Na+ - C a^+ inhib itor. Q uan tita tive  considerations
su ch  as th is  lead to the conclusion th a t  Cl" - HCO3 " exchange plays
th e  m ajor role in the  elim ination of alkaline load while excess H+i
are  elim inated m ainly by a  Na+ - H+ exchange. A daptation of tone 
from b o th  dilatation and  constriction is probably also influenced by 
changes of m em brane po ten tia l an d  by  th e  m ovem ents of o ther
ions (Cl', C a^+ , K+ and  NH4 +) w hich m u st occur in  parallel w ith
the  changing ra tes  of antiportation.
It w as incidentally  noted th a t, while am iloride is vasodilatory, 
its  derivatives m ay have e ither vasod ila to ry  or vasoconstric tory  
effects on NA - activated vessels.
T he s ig n ifican ce  of th e  w ork  for n o rm a l physio logy  is 
considered to be:
(a) its  refu ta tion  of proposals th a t  dilatory effects of extracellu lar 
acidity are m ediated by in tracellu lar acidification.
(b) its ind ication  th a t changes of body fluid pH b rough t abou t by
pCO^ variation are likely to produce tone responses sm aller th an  - 
or even, a t  tim es, opposite to - the  responses produced w hen pH 0  
is changed in identical am ounts by variation of [HCC>3 "]0.
4CHAPTER I 
INTRODUCTION
Since G askell (1880) observed re laxa tion  w ith  ex trace llu la r 
alkalinity, in  bo th  system ic resistance  vessels and  the  h e a rt itself, 
i t  h a s  b een  widely accep ted  th a t  th e  tone  of th ese  re s is tan ce  
vessels and  h e a rt w as affected by the  pH of the  m edium  ba th ing  
them . Elliot and  Ja sp e r  (1949) exposed the  surface of the  b ra in  to 
a n  acidic (pH 6.2 ) m edium  and  observed a  d ila tation  of th e  pial
vessels. Conversely, when W ahl et al (1970) microinjected HCO3 '
ions a t  co n stan t PCO2  in^° cerebrospinal fluid of anaesthetized
ra ts  and  cats, they  were able to produce vasoconstriction  in  pial 
arterioles. H utter and  Hecht (1965) had  also reported a  decrease 
in  excitability ( and  conductance) of cardiac cell m em branes w ith 
external acidity. In m ore recen t investigations Allen and  O rchard 
(1983) repo rted  a  red u c tio n  in card iac  con tractility  w hen  they
lowered th e  ex tracellu lar pH (pH0). The com m on feature of the
above observations is, an  ind ication  of th e  im portance  of pH 0
(b e s id e s  n e u r a l  a n d  o th e r  c h e m ic a l  f a c to r s )  in  
vasod ila ta tion /constric tion  and  therefore in the  regulation of blood 
flow [Severinghaus 19 6 8 ; Duling 1977 ; and  Kontos .1981 ]
The m echanism  ju s t  described sounds physiologically 
reaso n ab le  a s  there  is adaptive advantage if vessels supply ing  
acidotic tis su es  dilate - the acidifying agents in  th is  context being
CO2  and  lactic acid.
Both CC>2 and  lactic acid however can pass th rough  cell
5m em branes therefore they p resum ably  affect in trace llu lar pH (pHj)
in  th e  sam e sense  a s  they  do pH 0 . M oreover, th e  con tractile
sy s tem s (m yofibrils, actom yosin) of b o th  sk e le ta l an d  card iac  
m uscles (Fabiato and  Fabiato, 1978) and  sm ooth m uscle (Schadler, 
1967; Mrwa et al, 1974) are inhibited  by  acidity. It w as therefore a  
re a so n a b le  p o s tu la te  th a t  th e  m a in  s ite  of pH  ac tio n  w as 
in trace llu la r , on  th e  actom yosin  (Peiper, e t al , 1976; Duling. 
1977).
A gainst th is  however, indications th a t  pHA affected vascu lar tone
in  opposite directions or a t least in a  m ore complex way th a n  pH 0
w ere ob tained  by  McLellan e t al (1974) and  P ickard e t al (1975, 
1976). They investigated  th e  v a scu la r  bed  of th e  rab b it ear, 
pe rfused  via its  cen tra l a rte ry  and  activated  w ith  noradrenaline, 
an d  also bovine m iddle cerebral a rte ry  s trip s  variously  activated. 
The b eh av io u rs  of b o th  p rep a ra tio n s  w ere com pared  in  bo th  
ph o sp h a te  and  b icarbonate  buffered so lu tions. B oth p reparations
v a s o d i la te d  m a rk e d ly  w h e n  p H 0  w as  low ered  in  th e  
phosphate-buffered  m edium . However, w ith HCO3 V C O 2  ad justed  
'physiologically' - i.e. w hen the  external HCOg” concentra tion  was
kept co n stan t and  the Pcc>2 w as varied. so th a t P ^o  P ^ i couid
be assu m ed  to vaiy  together - the  effects on vascu la r tone were 
sm a ll in c o n s is te n t and  often b id irec tional. V arying ex ternal
[HCO3 ] while keeping PcO z constan t, w hich should a lter pH 0  only, 
produced acid-dilatation about 2 /3  th a t in H2 PO4 "- buffered
m e d i u m .
The in itial in te rp re ta tions of th e ir  re su lts  were th a t  pHj m ight 
be  ac ting  oppositely to pH 0 , a t  lea s t over p a r t  of the  pH range if 
n o t over all of it. They therefore varied [HCC>3 ' ] 0  p roportionately
to PC02  so altering only pHj and observed that Pqq2 elevation,
w h ic h  w o u ld  ac id ify  th e  c y to p la s m , a c tu a l ly  c a u se d  
vasoconstriction.
However a n  alternative explanation to the  concept of opposing
actions by pHA and  pH 0  for the  la s t group of resu lts  w as th a t the
effects of CC>2 might actually be direct molecular in terac tions a t
in tracellu lar sites.
The aim  of th e  p re se n t s tu d y  is to investigate  fu rth e r  the 
m echanism  of pH effects on vascu lar tone. The procedure
includes the  m odification of b o th  pH 0  and  pHj and  observing their
effects on v ascu la r tone. I have however p u rsu e d  principally  the
m a tte r  of pHj m odifications u s in g  for th e  firs t tim e on sm ooth
m uscles an  alternative to the  HCO3 VCO 2  technique, nam ely th a t of
th e  "NH4  pulse".
In tracellu lar pH Modifications
In tra c e llu la r  ac id ifica tion  cou ld  th eo re tic a lly  be  in d u ced  
variously, for example:
(a) Iontophoretically injecting a  w eak acid in to  the  cell
(b) Changing pH 0  w ith perm ean t buffers
7(c) A pply ing  CO 2  (rep lacing  a  n o m ina lly  H C O g '-free  m edium
w ith  H C O 3 V C O 2 ) w h ich  is know n  to c ro ss  th e  cell 
m em brane very rapidly
(d) W ashing ou t of an  NH4  sa lt solution after a  brief application.
B oth  (c) an d  (d) above, w hich like (a) b u t  un like  (b) do no t
involve changes of pH 0, have been  employed in  th is  study. The 
techn iques are  d iscussed  in tu rn  below.
CO g-Induced In tracellu lar Acidification
The first p roposa l th a t  CO2  p roduces a  fall in  pHj w as p u t
forw ard  by  O verton in  1902. Y ears la te r, in  1920;t Ja co b s  
confirm ed th is . However Caldwell (1958) w as the  first, u sing
p H -sen s itiv e  m ic ro e lec tro d es , to a c tu a lly  m ea su re  th e  pH | 
tra n s ie n t  induced  by  CO2 . He exposed crab m uscle fibres and
g ian t squ id  axons to a  solution equilibrated w ith 1 0 0 % CO2  and
observed a  pH drop of more th a n  0.5 un its . Several o ther workers 
[Kosfyuk and  K rishtal 1961, Paillard 1972, Thom as 1974, Aicken 
and  Thom as 1975., Boron and  DeWeer 1976., Jones 1977., Boron 
1977; B oron an d  B oulpaep  1980 an d  Moody, 1981], u s in g  
pH -sen sitiv e  m icroelectrodes, have also confirm ed th is  w ith 
various m uscle cells. Both Caldwell (1958) and Thom as (1974) also
observed th a t non-C 0 2  buffers are m uch  less effective in lowering 
pHj th a n  CO2  though it is w orth noting th a t m ost of them  are not
8entirely  w ithout in tracellu lar effect.
B asis for In tracellu lar Acidification induced  bv COo
The in trace llu lar acidification by  CO2  occurs a s  a  re su lt of the
fact th a t  CO2  molecule rapidly diffuses across the  cell 
m em brane into the  cell, hydrates an d  subsequen tly  d issociates to 
form H+ and HCO3 "
hydration d issociation
c o 2  +  h 2 o   --------*  h 2 c o 3  : --------- »  h + + h c o 3
dehydration  association
On rem oval or reduction  of external PcO a a  *oss in tracellu lar 
C O 2  occurs resu lting  in  the  association  of H+ and  H C 03 " and  
therefore raising  of pH ^/alkalinization (Thomas 1974).
NH4+ Induced Acidification and  Alkalinization
T hom as (1974) p ioneered  th e  u se  of pH -sensitive  m icro ­
electrodes to m onitor the  pHj tran s ie n ts  induced  by am m onium
s a lts . He exposed sn a il n e u ro n e s  to 5mM (NH4 J 2  SO4  and
observed a  rapid  increase in  pHi w hich w as reversed on removal of
the  am m onium  solution. Subsequently, th is 'NH4 + pulse' technique
h a s  been  applied on g iant squid axon ( Boron and  DeWeer 1976)., 
m ouse so leus m uscle fibres (Aicken and  Thom as, 1977)., isolated 
perfused am phibian proximal renal tubu les (Boron and Boulpaep
91980, 1983); crayfish neu rones (Moody 1981) and  guinea pig vas 
deferens cells (Aicken, Personal C om m unication 1984)
The "NH4 + p u lse” techn ique en ta ils th e  application  of neu tra l
am m onium  sa lts  to  th e  ex trace llu la r m edium . T his drives the  
cy to p lasm  tra n s ie n tly  a lkaline . It th e n  recovers slowly back
tow ards control. S ubsequen t removal of the NH4+ salt resu lts in a
rebound  acidification as pHj transien tly  falls below control: F igl.
D aw son e t al (1985), S purw ay  an d  W ray (1987) u sed  
n u c lea r m agnetic resonance (N.M.R) techn iques on mixed arteria l
O 1
p rep a ra tio n s  to  m easu re  pHj changes induced  by NH4 + . p
N.M.R spectroscopy owes its  u sefu lness for pHj estim ations to the
pH  sen sitiv ity  of th e  reso n an ce  p eak  of inorgan ic  p h o sp h a te  
(Gadian, 1982). Dawson Spurw ay and W ray were able to show th a t 
a r te r ia l  cy top lasm ic  pH  tu rn s  tra n s ie n tly  a lk a lin e  w ith  the
a p p lica tio n  of ex trace llu la r  NH4 + and  tran s ie n tly  acid on its
w ithdraw al. T hus the  m ass of sm all cells in  a  V.S.M behave very 
m u ch  th e  sam e way as the  large cells, stud ied  by in tracellu lar pH 
electrodes, referred to above.
B asis for the pH  ^ Modifications bv the  *NH4+ Pulse 1 
T echnique
B oron an d  DeWeer (1976) proposed the  following schem e to 
explain  pHj m odifications by NH4 + application on exposure to a
sh o rt pulse of NH4+ solution known to contain both  NH4+ and a
10
sm all frac tio n  of NH3 . NH3  rap id ly  e n te rs  th e  cell along its
concen tra tion  g rad ien t and  com bines w ith  H+ to form NH4 + and
therefore raise  pHj. B u t th is alkalinization is subsequently  b lunted
by NH4 * w hich also en ters the  cell m ore slowly along its  electro
chem ical grad ien t dissociating w ithin  th e  cell to form NH3 + H+.
If the  cell is now re tu rned  to NH4 +-free solution, NH3  once 
again  leaves the  cell rapidly along its  concentration  gradient. T hus 
resu ltin g  in  th e  d issociation of in te rn a l NH4 + into NH3 +H+ and
therefore a  fall in  pHj. NH4 + also leaves the cell, though a t a  slower
ra te  th a n  w hen it w as driven in to  th e  cell earlier on due to a  
sm aller electrochem ical driving force (Em is negative). The excess
NH 4 + re ta ined  yields the  p ro tons w hich are responsib le for the
in tracellu lar acidification.
On a  prolonged exposure to the  NH4 + solution, however, NH3
entry  will eventually fall to zero as approaches th a t  of the
outside. A lkalinization would cease so th a t the  subsequen t course 
for pH^ is determ ined m ainly by NH4 + and  H+ entry, and  possibly 
also to a  sm all extent in  sm ooth m uscle (though a  larger extent in 
m ore m etabolically-active cells) by  in trace llu lar CO2  production.
W hen NH3  is a t equilibrium  and assum ing  P ^ a  of NH4 + to be the 
sam e on bo th  sides of the m em brane, the equilibrium  potential for 
bo th  NH4 + and H+ would be the sam e.
11
In Fig. 1  a n  a lternative  u n d e rs tan d in g  of th is  'NH4 + pulse '
m ech an ism  developed in  o u r labo ra to ry  (Ighoroje an d  Spurw ay 
unpublished) is briefly illustra ted . It differs from th a t  of Boron and  
DeWeer above w hich is also quoted by  Thom as (1984) in  th a t the
d isso c ia tio n  of NH4 + to NH3 + H + is a ssu m e d  to tak e  place
ex trace llu larly  and  th e n  H+ goes slowly in to  th e  cell along its 
electrochem ical gradient. However there  is as yet no evidence for a 
choice of w here th is  occurs. It is possible th a t  b o th  effects occur
and  do contribute to the  overall pHj alterations.
Fundam ental Finding :
The Effect of pH  ^Modifications on A rterial (vascular) Tone
In th is  s tu d y  bo th  the  'N H ^  p u lse ’ and , on occasions the
application  of CO2  have been  used  to modify the  pHj of perfused 
vascu lar preparations from the rabbit.
My m ain finding is tha t, on application of NH4 +, vascu lar tone
w as tran sien tly  reduced while NH4 + w ithdraw al or the application
of CC>2 bo th  transien tly  raised vascular tone. Thereafter in  all cases 
tone gradually  ad justed  itself back  tow ards control level. Since the 
only chem ical consequence com m on to bo th  CO2  application and  
NH4 + w ithdraw al is in tracellu lar acidification,,
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v aso co n stric tio n  and  vasod ila ta tion  respectively  induced  by the  
above p ro ce d u re s  could safely  be  a ttr ib u te d  to  in tra ce llu la r  
acidification and  alkalinization respectively.
H aving e s tab lish ed  th is  fu n d am e n ta l phenom enon , I have 
investigated  th e  effect upon  it of a  n u m b er of an ion  and  cation 
s u b s ti tu tio n s , and  of the  ap p lica tio n s  of c e rta in  d fugs. The 
background  to these follow-up stud ies are d iscussed  below.
Anionic Effects :
M cLellan e t al (1974), investigating  th e  m echan ism s of pH 0
effects, se t  a b o u t investigating  th e  effects of an ions on pH 0
sensitiv ity , A red u c tio n  of pH 0  from  7.7 to 6 . 8  w hen benzene
su lp h o n a te  (PI1SO3 "), an  effectively im perm eant anion, replaced
Cl" resu lted  in  a  reduction of vascular tone only abou t l /5 th  of th a t
obtained in Cl" Fig ( I I ). Replacem ent of Cl" by PI1SO3 " a t a  pH0  of
7 .2  or less, raised the  tone to about double its original value. - ie. to 
a lm ost exactly the  tone reached in the m ost alkaline Cl“ solution 
used.
W hen C astee ls  (1971) h ad  exposed  sm oo th  m uscle  cells 
(guinea-pig taen ia  coli) to potassium -free solution he had  observed
a  sm aller increase in K+ efflux in PI1SO3 " th an  in Cl". He therefore
proposed  th a t  Cl" ions m ight actually  facilitate the  passage of K+ 
ions th rough  m em brane. If th is  m echanism  operates in V.S.M, it 
requires only a  sm all auxiliary hypothesis to provide an  explanation 
of the Cl"-dependance of tone found by McLellan et al. The extra
14
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hy p o th esis  is th a t  increased  [H+ ] 0  prom otes g rea ter en try  of Cl
ions in to  the  m em brane and  consequently  greater K+ flux. G reater 
K+ flux will hyperpolarize the  cells and  reduce the ir tone. No such
effect could opera te  in  PhSOg", for th ese  ions are  m ore or less
excluded from the  m em brane. It is encouraging th a t  Siegel (1982) 
h a s  observed bo th  hyperpo larization  an d  decreased  K+ efflux in
acidified Cl" m edia. E quivalent observations in PI1SO 3 " have no t
been  a ttem pted .
B ecause of these  ind ications of th e  involvem ent of pe rm ean t
a n io n s  in  th e  pH 0  effect, I have investiga ted  th e ir  possib le
involvem ent also  in  th e  effect of pHj on tone, in the  work to be
reported  below. The possibility th a t Cl" fluxes them selves m ight be 
pH -sensitive h a s  been  checked too, by the u se  of the  radioisotope, 
3 6 C1.
Cationic Effects :
The hypothesis ju s t  outlined leads in tu rn  to the suggestion th a t
[K+ ] 0  is likely to affect the  pH 0  response. And indeed Pickard et al
(1975) show ed th a t  th e  pH 0  effects on con trac tions of bovine 
m id d le  c e re b ra l a r te r ia l  s t r ip s  v a rie d  c o n s id e ra b ly  w ith  
extracellu lar potassium  concentration. Effects of[ K+ ] 0  variation on
th e  pHj response are accordingly described later in  the text.
The cation m ost directly involved in vascu lar tone-generation is
16
how ever C a2 + , w hose en try  in to  th e  cell facilita tes triggering of 
th e  c o n tra c ti le  p ro te in s . C a 2  + is  a lso  a sso c ia te d  w ith  
depolarization . A decrease of ex ternal Ca2+ depolarizes V.S.M. 
cells and  increases m em brane resistance  while an  increase has the 
opposite effects (Casteels et al 1977 a  and  b).
H ow ever C a 2  + is sequestered in  in tra c e llu la r  s ite s  e.g. 
sarcoplasm ic reticu lum  (S.R), m itchondria  and  the  inner surface of 
th e  p la sm a  m em brane (Somlyo an d  Somlyo 1971; Somlyo et al 
1974., D ebbas et al 1975., Somlyo et al 1979). Mobilization of these 
s to re s  of C a 2  + is  m ore im p o r ta n t  in  c e r ta in  fo rm s of
excita tion-con traction  coupling th a n  Ca2 + 0  en try  (Gabella 1971.,
Devine et al, 1972, 1973., Popescu  an d  D iculescu, 1975) th u s  
im plying th a t  ex trace llu lar C a2+ is n o t necessarily  required  to 
evoke con traction  (Bohr 1963., Keatinge 1966., V an B reem an and 
Seigel, 1980., C astee ls an d  D roogm ans, 1981), th o u g h  it is 
n e c e ssa ry  for full m ain ta in ed  tone . In p a rtic u la r , th e  m ain  
physiological agonist, no rad renaline , evokes a n  in itial response  
ab o u t 2 /3  as strong  in  0 -C a2+ as in  norm al-C a2+ m edium  (Van 
B reem an et al 1973-rabbit aorta) though susta ined  responses to
NA, an d  a lm ost the  to ta l response to elevated [K]+0 , depend on
external Ca2+.
In the  light of th is evidence, a  num ber of experim ents on
th e  effect of Ca2+ upon  the  responses to pHr varia tion  will be
described below. 4^Ca flux studies have also been attem ped.
The involvement of Na+ was investigated w ith a  num ber of
17
experim ents in w hich [Na] + 0  w as su b stitu ted  w ith lithium , choline 
an d  sucrose (sucrose in addition inevitably su b stitu ted  Cl“0)
pHj Regulation
B ecause it w as generally assum ed, a t the  tu rn  of the  century, 
th a t  ions were d istributed  across the  p lasm a m em brane raccording
to the  D onnan equilibrium , the  pHj regulation w as also assum ed  to
involve m erely the  red istribu tion  of the  ions. In con trast, however 
F en n  an d  Cobb (1934) and  Fenn  and  M aurer (1935), ob tained
resu lts  in  frog sarto rius m uscle which indicated th a t pHj w as m uch
higher th a n  th a t  predicted from K+ distributions. They argued th a t
K+ w as still in  equilibrium  across the  p lasm a m em brane b u t pHj
w as reg u la ted  by " som e in d ep en d en t m echan ism  w ith in  the
m uscle  w ith a continous supply of e n e rg y  inspite of the
d e m a n d s  of m em b ran e  eq u ilib riu m  ". T h ese  view s w ere 
su b s tan tia ted  by the pioneering m icroelectrode stud ies of Caldwell 
(1958)., Spyropoulos (1960) and  K ostyuk and  Sorokina (1961). 
The possibility of active ion tran sp o rt had  been p u t forward by Hill 
(1955), w hen he proposed an  H+-extruding m echanism  sim ilar to 
the  Na+ pum p.
The c en tra l problem  of pHj regu la tion  however is th a t  the
neu tra lization  of in tracellu lar acid is derived from various sources 
(Roos an d  Boron 1981). In the sh o rt term , several reversible and 
rap id ly  responding  m echanism s help to buffer acid loads. Some 
exam ples of these m echanism s are physico-chem ical buffering,
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cellu lar consum ption  of non-volatile acids and  tran sfe r of 'acid' or 
'a lk a li' be tw een  th e  cytosol an d  ce llu la r o rganelles. B roadly  
sp eak in g , a ll th ree  p ro cesses  can  be d escrib ed  a s  buffering  
m echan ism s since they  reversibly consum e H+.
The long-term  m echanism s involve the  cell's ability to extrude
H + a n d /o r  a c c u m u la te  HCO 3 " or OH". H ow ever, d ire c t
A TP-dependent outw ard pum ping of H+ is no longer the  favoured 
m echan ism . The tru e  acid-ex trusion  m echan ism s were identified
by  th e ir  ability  to re tu rn  pHj tow ards norm al (control) a fter an
acu te  acid loading. All the  m ethods of in trace llu la r acid loading 
u se d  to  investigate  the  ionic m echan ism s of acid ex tru sion  of 
v arious cells have indicated  th ree  m ain  m echanism s. Firstly, an  
exchange of H+ (efflux) for Na+ (influx) in  m ouse so leus m uscle 
(Aickin an d  Thom as, 1977)., proxim al tu b u le  cells (Boron and  
B oulpaep, 1980) and crayfish neu rons (Moody J  1981); secondly a
coup ling  of Na+ /HCC>3 _ influx to the  efflux of Cl" a n d /o r  H+
(Thomas 1977) in  squid axons, snail neurons, and  barnacle muscle; 
and  th ird ly  an  exchange of Na+ influx for H+ efflux th a t  ru n s  in 
p a ra lle l w ith  and  coupled to th e  Cl" efflux w hich  occu rs in
exchange for HCO3 " influx (Aickin and  Thom as 1977; m ouse soleus 
m uscle).
Historically so far, the  m echanism s of recovery from alkaline 
load have been  less fully investigated. However an im al cells do 
recover from  a lkaline  loads even th o u g h  th e re  h a s  been  no 
pub lished  evidence of the  presence of a  specialized tran sp o rt
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m ech an ism  w hich  accu m u la tes  acid  d u ring  a lkaline  load. One 
m ech an ism  proposed  by  Ighoroje an d  S purw ay  (1985) is the
b a iling  o u t of excess alkali by  a  Cl- (influx) - HCOg" (efflux)
exchange system  in  V.S.M. There have also been  various o ther 
suggestions however, of involvem ent of passive ion fluxes (Aicken 
an d  T hom as 1977) or of m etabolically produced acid (Boron et al
1979).
M any of the  experim ents already m entioned, involving anion or 
cation  substitu tions , have yielded inform ation on the  pH ^recovery
m e c h a n ism s  also . E ach  sw itch  of [NH4 + ] 0  invokes a  rap id
to n e-ch an g e  followed by a  g rad u a l tone-recovery. B asically  the  
effects of su b s titu tio n s  u p o n  th e  rap id  changes have been  
in te rp re ted  as giving inform ation abou t the m echanism s by w hich
pH j affects tone. By contrast, the  effects of substitu tio n s upon  the
g rad u a l recoveries have been  in te rp re ted  as giving inform ation
a b o u t th e  m echanism s of pH^ adaptation  after a  d istu rbance. Only
one ion no t previously m entioned h as  been varied for the  la tte r b u t
n o t th e  form er purpose: This ion is HCO3  ", u sed  a s  a  partia l
su b stitu te  for Cl"
In addition, the  effects of certain  drugs know n to affect 
io n ic  p u m p in g , N a+ -H + (or 2N a+ - C a 2  + ) exchange, or Cl" 
m ovem ents, have been studied.
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S um m ary  of Objectives
The m ain  objective of th is thesis w as to docum ent the  effects of
p H j on  v ascu la r tone, and  to identify th e  m echan ism s involved.
However the  observations of the  effect on vascu lar tone due to the
p rocedu res of pHj m odifications led fu rth er to the  investigation of
th e  m ech an ism s involved in  th e  a d ju s tm e n t of pH j in d u ced
changes in  tone and  therefore pHA regulation.
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CHAPTER 2  
MATERIALS and METHODS
M ost of th e  experim ents were carried o u t on th e  vascu la r beds 
of iso lated  rabb it ears perfused via the  central artery. Some others 
w ere on  com plete rab b it h ind lim bs. A few fu r th e r  experim ents 
w ere carried  ou t on whole frog preparations.
E a r P reparations :
Large New Zealand white rabbits, usually  aged abou t 3 m onths 
a n d  w eighing betw een 2 and 4 kgs. were killed by  a  blow  to the  
b ack  of the  neck. (In prelim inary experim ents, p repara tions from 
an im als killed by barb itu ra te  overdose had  proved unresponsive to 
no rad renaline  (N.A.). All anim als were cage- reared  and  norm al a t 
th e  tim e  of sacrifice  except for th o se  th a t  w ere chem ically  
sym pathectom ised . These la tte r group of an im als were abou t five 
m o n th s  old a t  d e a th  an d  h a d  b een  given six  in jec tio n s of 
6 -O H -dopam ine hydrobrom ide (Sigma) over th e  p receeding  six  
w eeks period . The firs t two doses given w ere 4 2 m g /k g  body 
w eight, w ith  sub seq u en t doses of 75m g/kg  body w eight (Fronek,
1980).
The e a rs  were rem oved from  all an im als im m ediately  after 
death . The subsequen t dissection of the  ears involved the  removal 
of the  sk in  on the dorsal (vascular) surface as far as w as possible - 
u su a lly  from about the  proximal 2 /3  of the length. The rem aining 
sk in  w as th en  opened over the  central a rtery  (to w hich it adheres 
m u ch  less strongly th an  it does to the underlying cartilage) and the
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edges of th e  ea rs  were trim m ed ju s t  periphera lly  to  th e  la tera l 
v e in s . T hese  la s t  s tep s  w ere ta k e n  to m inim ize o edem atous 
b u ild -u p  u n d e r  the  sk in  left in  place. The proxim al en d s of the  
c en tra l a rte ries were then  cannu lated  using  flexible (Portex) 
c a n n u la e . U sually  c an n u lae  of 1.4m m  o u te r  d ia m e te r  (Pink 
cannu lae) were used , cu t obliquely w ith  a  sh a rp  scalpel to abou t 
100m m  length . To aid bo th  the  identification and  can n u la tio n  of 
th e  cen tra l arteries; the blood w as left in  them  un til d issection  and  
can n u la tio n  were completed. Only th en  w as it w ashed  aw ay w ith a  
sy rin g e fu l of R inger's so lu tion . This in itia l w ash in g  o u t w ith  
R inger's solution provided a  visual check th a t the  m ain  outflow was 
from  th e  veins. Once a  cannu la  had  passed  th is  te s t it w as tied in  
p lace  w ith  two ligatures, one around  the  a rte iy  an d  one th rough  
th e  underly ing  cartilage. The ears (usually bo th  m em bers of a  pair 
for one experiment) were then  m ounted one on each side of a  twin 
perfusion  system  which will be described la te r in  the  text.
The H indiim b Preparation
W hile all th e  investigations of th e  m echan ism  of pH  effects 
w ere carried  o u t using  the  ear p repara tions ju s t  described , the  
genera lity  of th e ir occurence (especially th a t  of th e  resp o n ses to
pH j changes) w as tested using complete rabb it h indlim bs perfused
via th e  fem oral arteries, and draining from the  vena cava. As soon 
a s  possib le  after the  anim al's death  a  sm all incision w as m ade to 
expose th e  femoral artery  in the  upper thigh. The a rte ry  w as then  
can n u la ted  using  two ligatures to hold the cannula  in  place. The
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c an n u la  w as th en  m ounted on to the  perfusion system . As the heart 
h a d  in all cases been  taken  by an o th e r experim enter, a  drainage 
route w as already available.
The Frog P reparation
A p ithed  frog p reparation  w as used . The frog w as placed in a 
supine position  an d  tied  firmly onto  th e  d issec ting  board  by 
strings a ttach ed  to it 's  lim bs. An incision w as m ade th rough  the 
thoracic  cage above the  h e a rt to expose it. A nother sm all incision 
w as th e n  m ade th ro u g h  th e  v en tricu la r w all close to th e  right 
a trium . The cannula  w as th en  inserted  and  directed into the  aorta 
an d  held  in  place by  two liga tu res. Perfusion  w as therefore via 
aorta , th rough  the  complete vascu lar system , and  out th rough  the 
c u t wall of the heart beside the inflow cannula.
The Perfusion A pparatus
For bo th  ear artery  and  whole hindlim b preparations there  was 
a  pa ir of m atched  b u t separa te  perfusion  c ircu its w hich allowed 
ind ep en d en t b u t  s im u ltaneous perfusion  of b o th  ears /h in d lim b s 
respectively.
The perfusion circuit as illu stra ted  in Fig III consisted m ainly
of:
(1) A se t of flasks con ta in ing  physiological so lu tions and  a 
m ultiw ay tap  system  from w hich the  desired so lu tions could be 
drawn.
(2) A W atson M arlow 502 p e ris ta ltic  'c o n s ta n t flow' pum p, 
a d ju sted  to give the  desired flow ra te  (see below) in each of two 
tubes placed in parallel, side by side w ithin the pum p. With the
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range of tub ings used, the desired flow-rate for rabb it p reparations 
w as a lw ays a tta in e d  a t pum p r .p .m s in  th e  ran g e  40-50%  
m axim um .
(3) The cannu lae  were connected to the W atson- Marlow pum p 
outflows via Elcomatic Em 751 pressure  transducers .
(4) The two parallel outlets of a 'Palm er' slow infusion  pum p 
(th rough  w hich NA w as introduced) were a ttached  in  addition. The 
o u tle ts  from the  slow infusion pum p were im m ediately u p stream  
from  th e  cannu lae  to ensure th a t there w as no tim e for significant 
oxidation of NA (even in alkaline media).
(5) In p u t (perfusion) p ressu res indicating changes in  tone were 
co n tin o u s ly  recorded on twin channel pen  reco rders (Devices, 
L inseis or Speedomax) via bridge am plifiers. The pen  recorders 
w ere calib ra ted  w ith a  m ercury m anom eter a t the  s ta r t  or end of 
each  experim ent. A one m inute time delay due to the  tube  system  
occurred  betw een the selection of a  new experim ental solution and 
th e  beginning of biological response to it.
The Flow Rates
' After a  few prelim inary experim ents, the  flow ra te  of th e  bu lk  
p e rfu sa te  w as chosen to give an initial p ressu re  (i.e. before the  
in troduc tion  of NA approxim ately 30-45 mmHg above th a t  caused  
by  c an n u la  resistance. The ra te  which produced th is  resu lt in the 
m ajority  of p reparations was 7mls per m inute. The flow ra te  of NA 
from  th e  slow  in fu sion  pum p w as genera lly  app rox im ate ly  
O .lm l/m in . a lthough th is was adjusted frequently to give adequate 
v ascu lar resistance - usually 2.5-4x initial vascular resistance, b u t
26
u p  to a  p e ak  of a b o u t tw ice th is  d u rin g  d e te rm in a tio n s  of
d o se -re sp o n se  p a tte rn s . A p rob lem  w hich  com m only  a ro se
especially  in  very strongly activated p reparations, a n d /o r  w ith the
h igher b u lk  flow rates, w as th a t of sinusoidal p ressu re  oscillations
of periodicity  25-40 seconds. U sually th is  w as tackled by tu rn in g
NA p erfu s io n -ra te  down again. The concen tra tion  of NA in  the
reservo ir syringe of the  slow infusion pum p w as calculated  using
th e  m ain  flow rate , the  anticipated  infusion ra te  and  the  desired
concentra tion  value i.e.
Syringe conc. = mainflow rate  x  desired conc.
syringe flow rate
M odifications to the  Perfusion Circuit
M ost of th e  perfusion  experim ents were carried  o u t a t room  
tem p era tu re  (19-22°c) w ith the upper surfaces of the  p reparations 
exposed to th e  a ir  and  superfused  by the  perfusate  flowing out 
from the  cu t ends of the  veins.
However, th e re  w ere som e m odifica tions in  ex p erim en ts
carried  o u t to investigate the  effects of tem pera tu re  and  of C 0 2
a n d  0 2  tensions. The ears were trim m ed laterally  to ab o u t half
th e ir  u su a l w idths to fit into 30m ls organ ba ths . E ach cannu lated  
e a r w as pinned onto the  lower end of a  specially trim m ed cork m at 
a ttached  to the  outer rim  of the organ bath . Each cannu la  w as then  
connected  to a  p ressu re  tran sd u ce r firmly a ttached  to the  upper 
en d  of th e  cork  m at, (Fig IV). B a th  tem p era tu re  (37° c) w as 
controlled by a  w ater jacket, supplied from a  ba th  therm ostatically
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TP
— CM
CA
c Cannula
CM Cork mat
L Ligature
W,W’ - Water inlet, outlet
K Ringer's solution outlet
S Scintered glass bubbler
TP to Pressure transducer
B 30ml bath
G Gasses
E Ear
CA Central artery
Fig. IV: M odification to the perfusion circuit. 3 0 m lo r g a n b a th  w ith
cork  m ats attached  to the outer rim onto w h ich  the ears are pinned.
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reg u la ted  to 3 9 ° c or a  little h igher to allow for loss of h e a t from 
th e  connecting  tube  system . The tem pera tu re  of b o th  organ and  
w a te r  b a th s  w ere co n stan tly  m onitored  by  m ean s of a ttach ed  
therm om eters . The perfusion so lu tions were contained in  beakers
p laced  in  the  w ater b a th . The gases (1 0 0 % 0 2  an d  N2 ; 95%
0 2 /5 %  C 0 2) were bubbled through sintered glass plugs a t the  base
of th e  organ b a th s . For every change of perfusion  so lu tion , the  
o rgan  b a th s  were rin sed  ou t and  filled w ith  th e  new  perfusing  
so lu tion , so th a t  it b a thed  the  blood vessels as well a s  flowing 
th ro u g h  their lum ens.
Solutions
The contro l R inger's solution contained  140mM Na Cl, 6 mM
KC1, 2.5m M  Ca Cl2  (except as below), ImM  Mg Cl2  an d  lOmM 
glucose; It w as buffered with 3mM phosphate  to pH7.2 and  gassed 
w ith  100% 0 2 . For studies of the effects of pH 0  variations, the  acid
and  alkaline pH0's used were 6.7 and  7.7 respectively. In any series
of ex p erim en ts  w here th e  pH 0  v a ria tio n s w ould in c lude  the
alkaline pH 0  the  concentration of Ca Cl2  w as reduced to 1.5mM, to
p rev en t the  p rec ip ita tion  of calcium  p h o sp h a te  in  th e  alkaline 
m edia. A lternatively in  som e series of experim ents H epes buffer 
w as u sed  (see below) to avoid the whole problem.
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P.V.P. fPolyvinvlpvrrolidone . rSigma)]
In  th e  whole frog and  rab b it hindlim b p rep ara tio n s, 20 and 
4 0 g /l  of PVP respectively were added to all so lu tions to reduce 
oedem a.
NH/j* and  COg Solutions
For pHj modifications, the m ain solutions contained 30mM
NH4  Cl isosmotically replacing Na Cl. In pilot experim ents carried
o u t to investigate the maximal NH4 4* effects 5,10,15,20 and  30mM
of NH4 + h ad  been  used  and  30mM w as found to provide a  ju s t-
su p ram ax im a l challenge. An a lternative way in  w hich pH^ w as
m odified in  a  sh o rt series of experim ents w as the u se  of HCO3 " 
(6 .75,12.5 and  25mM) buffered m am m alian krebs solution, gassed 
w ith  CC>2 (1.75, 2.5 and 5%) in O2 .
Buffers
To investigate  th e  effect of buffering power on pHj c h a n g e s
w ith o u t necessarily  changing or affecting calcium  activity Hepes 
[0.5, 1.0, 3.0, 5 and  lOmM] was used. Hepes w as also used  in some 
experim ents designed to investigate the  effects of varying calcium  
levels (0-10mM) on base  tone, and  on the  changes in  tone due to
pH^ m odifications. Hepes w as in troduced  as the Na"*" salt, except
w here it w as used  in Na"*" free Ringer s (see below), in th a t case it
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w as th e  acid  (N-2-Hydroxyethylpiperazine-N^--2 e thanesu lfon ic  
acid) th a t  w as u sed  (Sigma). T ris [Trizma base; (Sigma)] and
KH2 PO4  were also used on a  sm all num bers of occasions.
Anionic Substitu tions :
The bu lk  anion Cl“ w as replaced isosm otically w ith benzene 
on
sulphjate (PI1SO 3 " )in experim ents designed to investigate the
role of Cl“ in  the  m odifications of vascu lar tone, w hether by pH 0  or
by  pHi changes. The NH4 +, Mg^+ and  C a^+ sa lts  of PhSOg" were
n o t available, therefore (NH4 ) 2  SO 4  (15mM), Mg AC2  (ImM) and
Ca AC2  (2.5mM) replaced NH4  Cl, Mg Cl2  and  Ca Cl2  respectively.
C ontrol experim ents to check  the  effect, if any, of S 0 4 + w ere 
a m o n g st th e  p ilo t experim en ts ca rried  ou t. In th e se  control 
e x p e rim e n ts  15mM N a2  S O 4  in s tea d  of 15mM (NH4 ) 2  SO 4
rep laced  th e  osm otic equ iva len t of N aPhSO g. Perfused  blood 
vessels gave no detectable response to th is  change.
Cationic Substitu tions :
In sod ium  su b s titu tio n  experim en ts NaCl w as to ta lly  and  
isosm otically replaced by one of choline chloride, lithium  chloride
1 or sucrose and 3mM KH2 P 0 4  replaced NaH2 P 0 4  as buffer. For
p o ta s s iu m -s tim u la te d  p re p a ra tio n s  KC1 (50mM  or - 140mM) 
isosm otically replaced NaCl and NA was not infused. Lower
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p o ta ss iu m  concentra tions (2,6,12,30mM) in  addition  to the  above 
w ere employed w ith norm al am ounts of NA in  the  investigations of
K+ effect on  vascu lar tone and  its pHj responses.
K+-free so lu tions were prepared by the om ission of KC1 and 
equim olar replacem ent w ith NaCl.
C a ^ + -free so lu tions were also p repared  by the  omission of
CaCl2  an d  equim olar replacem ent w ith NaCl.
D rug Solutions
All d ru g  so lu tio n s w ere p rep a red  by  th e  ad d itio n  to the  
e x p e rim e n ta l (R inger's an d  N H ^4") so lu tio n s of th e  requ ired  
volum es of the  drugs, from stock solutions prepared  as below.
N oradrenaline FNA Arterenol b ita rtra te  (Sigma)]
Stock solutions of 1 0 " noradrenaline, w ith 2 .10~3M E.D.T.A 
to  p rev en t oxidation, w ere p rep a red  w ith  d istilled  w ater and  
sto red  in  a  freezer. Dilutions were m ade w ith the  Ringer's solution
(Cl" or PhSC>3 ’) appropriate  to the  respective experim ents, to the
approp ia te  syringe concentration to produce a  final dilution in the 
perfu sa te  u sua lly  between 10"7 M-10"6 M .T hel0"3M stock solutions 
w ere p repared  w ith distilled w ater and  no t Ringer's because of the 
several ionic variations required for different experim ents.
S.I.TS f4 -acetam ido-4 -isothiocvno stilbene-2,2-^-Disulphonic Acjdl 
This anion-flux inhibitor was kept as m olar stock [Sigma], which
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w as d ilu ted  to 1 0 * in  the physiological salines.
MeB (5.10~4 M): Hb (10~5 -10*4 M) and  Ach (10~6 M)
T he possib le  involvem ent of endo th e liu m  derived re lax ing
factor (E.D.R.F) on the vasodilatory effect of NH4 + w as investigated
by  th e  u se  of bo th  m ethylene b lue (Meb) and  haemoglobin (Hb). 
B oth  MeB (G.T. Gurr) and  Hb were diluted from prepared  10"^M
stock  so lu tions (in Ringer's) w ith bo th  NH4 + and  Ringer solutions.
As a  th ird  m ethod of suppression  of E.D.R.F release 20-40 seconds 
p rep u lses  of distilled w ater were used  to shock the  endothelium . 
A cetylcholine [(Ach) Sigma]was also diluted from prepared  10'^M  
sto ck  so lu tions w ith norm al Ringer's and  used  to determ ine the 
degree of E .D .R .F  in h ib itio n  acheived by each  of th e  th ree  
in terven tions.
O ubain  [Strophanthin: Sigma]
O uabain  (10-4 -10*7 M) w as added to both  the  basic  and  NH4 +
so lu tions to  investigate the  involvem ent of the  Na+ pum p in pHj
hom eostasis. C oncentrations of 10*^ to 10 in Ringer's were 
u s e d  to  in v es tig a te  th e  dose -d ep en d en ce  of i ts  effects on 
m ean-tone.
Amiloride and its Derivatives
Amiloride and  seven of its derivatives were dissolved either by.
(1) Dissolving a  weighed sam ple in a  small am ount of water,
w arm ing and  stirring.
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or
(2 ) Suspending a weighed sample in a little amount of w ater and 
adding a slight excess of molar equivalent of isethionic acid and a 
little dimethyl sulphoxide (DMSO) warming and stirring.
Table A is a list of each drug and its mode of dissolution and 
accepted  major category of ion transport inhib ition . F inal 
concentrations (lCT^M-lO'^M) were obtained by dissolution in  the 
Ringer's solutions.
CN~ /F~
C onveniently included in  th is subsection  is th e  fact th a t  3mM 
NaCN a n d  Im M  NaF were added to bo th  the  control and  NH4 + 
R inger’s in  experim ents to investigate th e  effects of m etabolic 
inh ib ition  on vascu lar tone and pHj-responses. Both solutions were
bubb led  w ith  1 0 0 % N2 .
Osm otic Equivalents :
U sing  p u b lish ed  osm otic coefficients (Robinson G S tokes, 
1957) together w ith a  value of 0.96 for the  osm otic coefficient of
0 .1 M  N aP h S O g  o b ta in ed  by  freezing  p o in t d e p re ss io n
m e a su re m e n ts  in  th is  labora to ry  (Spurw ay u n pub lished ), the  
osm otic equivalents of all the  sa lts  u sed  to displace NaCl were 
e s tim a ted . Sim ple m illim olar equivalent were n o t u sed  e.g to
in troduce  (NH4 ) 2  S 0 4  its molarity w as m ultiplied by 1.3 to get
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Symbol
Method
of
d i s s o l u t i o n  
as  above
Major ion t r a n s p o r t  
i n h i b i t o r
X Y HQ
A 2 Na+ -  channel F" h2n- 3 /2  H20
B 2 Na+/H+ a n t i p o r t cr C2H5 * \
/ M -
(CH3 ) 2CH
-
C 2 Na+/H+ a n t i p o r t  and 
Na+/Ca2+ exchange
Cl" CCH3 (CH2 )Z4]N- -
D 2 Na+/Ca2+ cr h2n-
E 2 Na+ -  channel Br" h2n- _ c
F 2 Na+ -  channel I " h2n - -
G 1 Na+/H+ a n t i p o r t cr (CH3 )2 n- HC1
A m iloride 1 Na+ t r a n s p o r t cr h2n =NH
Table  A Amiloride and 7 o f  i t s  d e r i v a t i v e s :
L i s t  o f  each drug and i t s  mode o f  d i s s o l u t i o n ,  and ac cep ted  major 
ca te g o ry  o f  ion t r a n s p o r t  i n h i b i t i o n .
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equ iva len t NaCl m olarity so th a t  for 15mM (NH4 ) 2  S 0 4  19.5m M  
NaCl w as om itted.
pHQ M easurements
The pH 0's of all the solutions were checked w ith an  'Analytical
m easu rem en ts ' pH m eter w hich w as itself calibrated  prior to the
s ta r t  of each  experim ent with s tan d a rd  buffers. The pH0 's of the
experim en ta l so lu tions were ad ju sted  u sing  5N-0.2N of NaOH, 
(KOH in  Na+-free media), and HC1 (acetic acid in  Cl“-free media).
A nalysis of Traces
T here are  two ways of quantifying arteria l- wall tone changes 
from  p ressu re  traces. These are:
(1) The ra tio  of am plitudes before and  d u ring  experim ental 
conditions.
T his m ethod is liable to distortions caused  by bubbles and  by 
"bounce" in the  tubes.
(2) The ratio  of m ean displacem ent from base line (base line is 
th e  m ean  perfusion pressure with only a  cannu la  being perfused).
T his is a  m ore reliable procedure and h as been m ainly applied 
in  m y m easu rem en ts . Relative p ressu re  values Q w hich are 
independen t of the  resistances of individual preparations, were 
calcu lated  using  the equation, (Fig IV).
Q = De - Dc. 
Ds - Dc.
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De = M ean experim ental displacem ent from zero
Dg = M ean control displacem ent from zero
Dc = M ean displacem ent due to cannu la  from zero
D g for tone  changes due to pH^ m o d if ic a tio n s  w a s  m e a n  
d isp la c e m e n t d u rin g  th e  1 - 2  m in u te s  im m ed ia te ly  before  
NH4 +/C 0 2  application.
Dg for tone changes due to pH 0  m odification w as th e  m ean  of
d isp lacem en t in  the las t pH-7.2 period before and  the  first one 
a fter th e  test-period.
Q v a lu es therefore are g rea ter th a n  one w hen  experim ental 
in terven tion  produces an  increase in tone and less th a n  one w hen 
th e re  w as a  decrease.
T he Q va lues used for each of the  p a ram ete rs  above were 
ob ta ined  u sin g  a  com puter program m e w hich also converted the  
d isp lacem en ts to mmHg.
m .
The p aram eters  (Ds and  a t least five De values) m easured , to 
c h a ra c te r iz e  th e  resp o n se  to each  pHj c h an g e T w ere m ea n
d isp lacem ents during:
(a) T he l-2 m in  pre-NH4+ period.
(b) The m axim um  NH4+ effect (usually occuring w ithin l-2m ins 
of application).
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(c) The l /2 m in  ju s t  before NH4 + w ithdraw al - th is  w as 5m ins 
a fte r app lica tion  in  all experim ents o ther th a n  those  specifically 
designed to  investigate long-duration NH4+ pulses.
(d) T he m axim um  effect due to NH4 + w ith d raw a l (u sua lly  
occurring  w ithin 2-3m ins of washout).
(e) 5 an d  lO m ins in to  w a sh o u t in  all e x p e rim en ts  an d  
1 5 ,2 0 m in s also  in  a  series of experim ents to de te rm ine  tim e 
dep en d en t variations.
PHo
The equivalent m easurem ent for pH 0  changes were sim ply the
m ax im um  d isp lacem ents got in  6 .7  and  7.7. (Note th a t  th ese  
so lu tio n s  were never left perfusing  for m ore th a n  5 -10m ins in 
experim ents of th is type).
M ean /  Base Tone
The tone changes directly due to the application of d rugs were 
th e  m axim um  displacem ent obtained. On the o ther hand , effects of
th e  d ru g  on responses to pHr change were characterized  in  the
sam e w ay as  those of all o ther pHj- changes, w ith  th e  la s t 2  
m in u tes  in  the  drug-containing Ringer's taken  as control.
Calibration. Data
In all complete experim ents the following param eters were also
m easu red  once.
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(1) The m ean  d isp lacem ent due to can n u la  res is tan ce  (Dc) and
(ii) A se t of calib ra tion  va lues expressing  th e  sensitiv ity  of the
record ing  p en  in  te rm s of mmHg.
G raphical R epresen tations :
M ost of th e  re s u l ts  have  b e en  g rap h ica lly  re p re se n te d , all 
show ing th e  m ean  effects from  m any  experim ents pooled together 
w ith  s ta n d a rd  e rro r  b a rs . In a ll g ra p h s  p re s s u re  h a s  b een  
ex p ressed  relative to th e  m ean  s ta n d a rd  value  in  th e  p a rtic u la r  
m e d iu m  - th e  're fe re n ce ' v a lu e . A s te r isk s  in d ic a te  to n e s  
s ign ifican tly  d ifferen t from  th e  reference  va lue  (paired t-te st) or
from  con tro l experim ents (unpaired  t-test) ** P<0.01; * P<0.05; S
P<0.10; NS n o t significant.
R ecovery ra te s  from  b o th  a lk a lin e -in d u c ed  re la x a tio n  an d  
ac id -in d u ced  co n stric tio n  in  th e  v arious d ru g s a re  exp ressed  as 
p e rc e n ta g e  of th e  e q u iv a le n t r a te s  in  co n tro l, (7.2 co n tro l
R in g er 's /N H 4 +) situa tions. These percen tages are calcu lated  from
w here  t rb  and  tj-a are projected recovery tim es (i.e. tim es for tone 
to  r e tu r n  to un ity ) for ex p e rim e n ta l a n d  co n tro l s i tu a tio n s  
respectively .
O th e rs  r e p re s e n te d  in  T ab le  (E) w ere  c a lc u la te d  from  
pro jec ted  recovery tim es for indiv idual experim ents.
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F lux  E xperim en ts
In  o rd e r to  investiga te  th e  role of b o th  Cl” a n d  C a2+  in  pH 
m od ifica tions of v a sc u la r  tone , th e  following flu x  s tu d ie s  w ere 
carried  out.
( 1 ) 36Ci efflux.
(2 ) efflux and  up take.
All th e  s tu d ie s  w ere done w ith  m ixed a rte ria l p rep a ra tio n s  of 
th e  rab b it. They included , th e  ear, caro tid , b ran c h ia l and  fem oral 
a rte rie s  an d  a o rta  (both tho rac ic  an d  abdom inal). B oth  36<2i (as
NaCl so lu tion) a n d  ^ C a .  (as CaCl2  so lu tion) w ere su p p lied  by
A m ersham .
The G eneral Protocol
(1) The a rte rie s  w ere d issected  o u t from  th e  rab b it a n d  cleared 
carefully  of all connective tis su e  w hich  w as n o t a n  in teg ral p a r t  of 
th e  adventitia , in  7 .2  R inger's solution.
(2) T h ey  w ere  m o u n te d  on  s ta in le s s  s te e l h o ld e rs  a n d  
equ ilib ra ted  in norm al R inger (7.2) for ab o u t 90m ins.
(3) They w ere th e n  loaded in  the  requ ired  load so lu tion  (either 
3 6 c i  or 4 3 <2 a) as specified below.
All experim en ts w ere carried  o u t a t  room  tem p era tu re . Som e 
p rep a ra tio n s  w ere activated  w ith  NA (lO '^M ) or h igh  K+ (140mM) 
w h ils t th e  re s t  (all for w hich  no specific reference to activation  is 
m ade below) were non-activated . For efflux s tu d ies  activation  w as 
beg u n  in  th e  firs t w ash  so lu tion  an d  m ain ta in ed  th ro u g h o u t the  
efflux p rocess while for u p tak e  ( ^ C a )  activation took place in  the  
load so lu tions only.
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36C1 Efflux
The d esig n  of th e  ex p erim en ts  w a s  to  reveal v a ria tio n s  in  
relative ^ C l  efflux d u e  to th e  pH  changes. Loading w as for 90m ins 
after w hich  t is s u e s  w ere w ash ed  o u t  in to  te s t  tu b e s  (5ml) filled 
with equal volum es of th e  requ ired  unlabelled  m edium .
3 6 d Load S o lu tio n :
2 .5 m ls  of 7 .2  R inger's  so lu tio n  w as labelled  w ith  0 .25m l of 
iso ton ic  N a ^®CL *^C1 w as 9% of to ta l Cl" in  load so lu tion  resu lting  
in  th e  activity of th e  load so lu tion  being 2 .5pC i/m l.
U nlabelled so lu tions :
F or s tu d ie s  o f pH j effects 2 .5m l a liquots of norm al and  of
R in g e r 's  w e re  d is p e n s e d  in to  5m l te s t  tu b e s  a rra n g e d  in  
ap p ro p ria te  o rd e r in  te s t  tu b e  rac k s . After loading, t is su e s  were 
p laced  for Im in  in  a  tu b e  of inactive Ringer's so lu tion  to rinse  ^ C l  
from  th e  t is su e  su rfaces. They th en  began  a  progression  th ro u g h  a  
se rie s  of tu b e s , sp en d in g  Im in  in  each  of th e  firs t 3 te s t  tu b es , 
3 m in s  in  each  of th e  n ex t 4  while th e  ECS w as being cleared and  
Im in  in  every tu b e  th e re a fte r  for a t lea s t th e  nex t 45m ins. This 
p ro tocol e n su re d  good tim e-reso lu tion . while avoiding varia tions of 
s a m p le -d u ra tio n  d u r in g  th e  p e rio d s  of physio logical in te re s t. 
(P re lim inary  ex p erim e n ts  h a d  revealed  th a t ,  if d u ra tio n s  w ere 
v a rie d , d isp ro p o rtio n a tty  h ig h  c o u n t-ra te s  w ere ob ta in ed  from  
sh o rt-d u ra tio n  sam ple  tubes; a lm ost certainly isotope w as squeezed 
o u t o f th e  E,G,S, b y  m en iscu s a n d /o r  tube-edge effects, each time 
th e  tis su e s  w ere moved from one tube  to the  next. In the
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com m onest design  of experim ents Table ( B ) 6  tu b es  of R inger's 
w ere followed b y  3 of 30mM  NH4 +C1 solu tion  an d  those  by  6  m ore
of R inger's; th e  N H ^ /R in g e r 's  cycle w ould th e n  be repeated  two
or th ree  tim es m ore. As an  alternative  to th is  series of sh o rt NH4+
p u lses , a  single long NH4+ pu lse  lasting  15m ins w ould be studied;
in  th ese  cases  w ash o u t in  NH4+ Ringer w as 15m inutes followed by
25m ins in  no rm al R inger's.
For s tu d ies  b o th  of pH 0  and  of K+ effects on ^^C l efflux, (which,
on  th e  b a s is  of tone-changes, were th o u g h t unlikely  to be a s  rapid
a s  th e  pH j effects) th e  d u ra tio n  of w ash o u t w as Im in  each  in  the
f irs t 3 te s t  tu b e s  an d  3m ins each in  all su b seq u en t ones. The to tal 
period  in  each  experim ent m edium  lasted  15m ins (five te s t tubes). 
In  con tro l R inger's before and  after th e  te s t  so lu tion , th e  period 
w as 20m ins, (Table B).
After w ashou t, in  all th e  above experim ents the  tissu e  were left 
overnight in  2 .5m l of norm al HC1 in order to release all radioactive 
3®C1 still p re se n t in  the  tissue. Aliquots of all the  tu b es except tube 
1  w ere  th e n  p u t  in to  vials p reloaded  w ith  iden tica l volum es of 
E co sc in t (an  ecologically responsib le  sc in tilla tio n  so lu tion) and  
co u n ted  in  a  Hewlett-Packard'T ricarb' liquid scin tilla tion  counter. 
T he a liquo t in  th e  la s t tu b e  w as neu tra lized  w ith 5N-NaOH before 
being  added  to th e  Ecoscint.
Counting and  Analysis
E ach  vial w as counted  3 or 4 tim es, and counted w ith a  back-
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g ro u n d  c o u n t w h ich  h ad  b een  d e te rm in ed  by  co u n tin g  sim ilar 
vo lum es of unlabelled  Ringer or HC1. T hen m ean  coun ts obtained 
w ere fed in to  th e  com pu ter an d  a  specia l p rogram m e calcu lated  
th e  efflux, c o n te n t an d  ra te  q u o tien ts . T hese  final re s u lts  a re  
i llu s tra te d  graphically  by  efflux and  con ten t curves together w ith a  
p lo t of th e  ra te  quotien ts. r.'
^ Ca Efflux
T he protocol for ^ C a  efflux w as sim ilar to th a t  for *^C1 except 
th a t , d ue  to th e  very h igh  level of activity (2t*Ci/ml) ob ta ined  w ith 
^ C a  th e  a rte ria l m ass w as greatly  reduced. Individual experim ents 
w ere  carried  o u t separa te ly  w ith  aortic  strip s in  add ition  to  those  
w ith  m ixed  a r te r ia l  p re p a ra tio n s . T he  f in a l c o n te n t  (to ta l 
rad ioactiv ity ) w as ob tained  by  d isp lac ing  4 ^ C a  from  th e  tis su e s
u s in g  5 p a r ts  of HNO3  (specific gravity 1.42) to  1 p a r t  o f HCIO4
(Sp. Gr. 1.54).
45cia Uptake During pH| M odifications of Tone
T here  w ere th ree  4^Ca-labelled load  so lu tions. T hese w ere, two 
n o rm a l R in g er 's  (specifically  a lloca ted  to  p re -a n d  post-.N H ^^
uptakes, respectively) an d  one so lu tion , A
s e t  of experim en ts w as candied o u t a fte r equihbration an 0 'C a ^ ‘+ 
so lu tio n  a n d  a n o th e r se t a fte r equilibration  an no rm al Rangers for 
9 0  m ta s .
After the tissues were dissected and cleared free from all
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connective tis su e s , th ey  were m o u n ted  on  s ta in le s s . steel ho lders 
a n d  g ro u p ed  in to  3 m a in  ca teg o ries . T he  f ir s t  a n d  second  
categories were equilibrated in  inactive Ringer’s and  th en  ^ C a  w as
loaded in  th e  pre NH^+ and  NH^+ load solutions. The th ird  w as
equ illib ra ted  in  unlabelled  NH4+ solu tion  (som etim es for 5mins)
a n d  th e n  ^ C a  loaded in  the  post-NH ^* load solution. The duration
of loading for the  m ajority  of experim ents w as 3m ins in  each  case. 
In  a  few experim ents d u ra tio n  of loading w as lO m ins (3m ins w as 
c h o se n  a s  th e  com m oner period  b e c a u se , in  th e  m ajo rity  of
perfu sion  stud ies , peak  NH4 * d ila tations or w ash o u t constric tions
w ere o b ta in ed  w ith in  3m ins of NH4 + ap p lica tio n  or w ashou t), 
(Table C).
The tis su e s  were b lo tted  lightly an d  left overnight to dry  out.
T hey  w ere th e n  w eighed and  d igested  w ith  HNO3 /H C IO 4 . The
d ig e s ts  w ere th e rea fte r  neu tra lized  w ith  5-N NaOH, p u t  in  vials 
p reloaded  w ith  iden tical volum es (lOmls) of E coscint and  counted  
in  th e  T ricarb . The activ ities of th e  load so lu tio n s w ere also 
estim ated : th is  w as done by extracting 0.05m l sam ple volume from 
each  load-tube, m aking up  to 2.5m ls w ith Ringer's and  counting in 
lO m ls of Ecoscint. E ach vial w as counted four tim es and the  m ean 
co u n ts  per m inu te  (cpm) for each arterial m ass w as calculated.
The relative ^ C a  up tak e  in  pre-NH 4 +, NH4 +, and  post-N H 4 +
p h a se  w as ob tained  by dividing the  specim en cpm by the  p roduct 
of th e  d ry  w eight and  the cpm of the individual load solutions.
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T h u s
R elative ^ C a  u p tak e  (Q) = cpm  in  m uscle
dry weight x  cpm  of load solution
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RESULTS
T he re s u lts  will be  p resen ted  u n d e r  th ree  m ain  p a rts . The first 
p a r t  will deal w ith  th e  p rim ary  effects of pHj change on v ascu la r
tone . T he second  p a r t  will deal w ith  th e  regulation  of pHj by  VSM
in clu d in g  th e  in fluences of ions an d  d rugs on th is  regulation. The 
th ird  p a r t  concerns ion (Ca^+ and  Cl") fluxes.
PART 1 
Response to pH^
T he 'B asic 1 NH^+ Effect in  Ho PO^~ - Buffered Chloride Ringer's. 
pH  7.2
N oradrenaline Activation of R abbit E ar P reparation  
.N orad rena line  biphasically  i constric ted  the  p reparation . The first 
p h a se  w as tra n s ie n t u su a lly  lasting  betw een 40-60  secs, while the  
se co n d  p h a se  w as slow  a n d  su s ta in e d  u su a lly  peak ing  w ith in  
1 5 m in s , a n d  levelling  off th e re a f te r . Fig (1A). N orad ren line
dose-dependen tly  ra ised  res ting  tone a t a  c o n stan t pH 0  in  norm al
p h o sp h a te -b u ffe re d  ringer. Fig IB  is a  lo g -co n e /to n e  curve of 
m ax im um  no rad renaline  effect during  the  second phase  in  pH7.2, 
p h o s p h a te  b u ffe re d  Cl" R inger. All s u b s e q u e n t  w ork  w ith  
n o rad re n a lin e  w as done in  the  concen tra tion  range 10"^ - 10"^M 
an d  m o st of it in  3-6 xlO"^M .
NH^+ Effects on NA Activated P reparation  
W hen NH4  Cl- containing solution perfused the N.A activated 
ear, tone  s ta rted  to fall very rapidly ju s t  a few seconds after NH4+
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:250r i
Cl (Phos) ,  6 . 7  n
Time (mins)
Fig. 1A and B: NA activation o f rabbit ear artery. A is a typical trace
showing biphasic response to NA (»10"®M) in C l ' /^ P O ^ , pHq 6.7 medium  
- an  initial transient phase lasting between 40-60 secs., and a more sustained  
contraction w hich followed (compare fig. 13B). B is a  log-conc./tone curve 
o f m a x i m u m  NA effects during the sustained contraction phase in 
CIVH2 PO4 " medium pH q 7.2. Note the dose-dependent increase in tone. 
Here and in all subsequent illustrations, error bars indicate ± S.E.M.
Log conc/tone in Noradrenaline
8
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re a c h e d  it. T he m axim um  NH4 + effect (i.e. m ax im um  d ila ta tio n
d u e  to  NH4 + application) w as u su a lly  a tta in e d  w ith in  th e  firs t or 
second  m in u te  a fte r w hich  tone  gradually  recovered b a ck  tow ards 
con tro l tone  (Fig 2A). The m agn itude  of th e  NH4 + d ila ta tio n  w as
c o n c e n tra tio n  - d ep en d e n t over th e  ran g e  of O^OmMF- NH4 C1.,
25m M  a n d  30m M  gave v irtu a lly  in d is tin g u ish a b le  effects, only 
s lig h tly  g re a te r  th a n  th o se  of 20m M . T h ese  w ere ta k e n  as
m ax im u m  d ila to r effects, and  30m M  - NH4 C1 w as chosen  for all
experim ents; s u b s e q u e n tly  d e sc rib e d  in  th is  T h es is . U n less 
o therw ise s ta te d  it w as left perfusing for 5  m inutes.
W hen  NH4 + w as w ithdraw n from  th e  pe rfu sing  so lu tion , i.e.
w h e n  n o rm al R inger's w as re in troduced , tone  im m ediate ly  rose. 
T h is in c re ase  in  tone, w hich  w as som ew hat less rap id  th a n  the
in itia l NH4+ - induced  decrease in tone, w as followed by  a  recovery
b a c k  to w ard s  con tro l tone. Peak  NH4 + - w ithd raw al tone  w as
u s u a lly  a tta in e d  w ith in  th e  first th ree  m in u te s  of w ithdraw ing
N H 4 + a n d  w as in  th is  m edium , alw ays h igher th a n  control tone.
F rom  th is  peak , recovery or a d ap ta tio n  of tone b ack  tow ards 
con tro l level (from w hich it som etim es con tinued  on to fall below 
it) took  typically the  next four to eight m inutes; i.e. th is  adap tation
of tone  w as considerably  faster th a n  recovery after NH4+ -induced
relaxation .
Provided the  control, tone w as no t less th a n  th ree  tim es th a t in 
th e  u n stim u la ted  preparation , peak  dilatation was consistently  to
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TONE
.PROCEDURE TO RAISE pHj DECREASES TONE
— Cl (Phos)
MINUTESE p O -N fy C l,  7 . 2 = p f 7 . 2  wash
AMMONIUM EFFECT ON ARTERIAL TONE (RABBIT)
Fig. 2A and B: Basic NH4 + effect on arterial tone. A is a typical trace
(CF/H 2 PO4 " pHq 7.2) showing a decrease in tone produced by 30mM NH4
Cl and an increase in tone on it's washout. B is the graphical representation 
of a  series of 45 experiments on normally activated ears pooled together.
The shaded portion represent the NH4 + dilatation and the unshaded  
portions the pre- and post NH4 + phases. The asterisks indicate the level of 
significance of any difference from the pre-NH4 + reference tone.
30-1
0 .0 - 1
15 Time(mins) 
W10W05W02E05E01
In a l l  p l o t s ,  d i f f e r e n c e s  from 1: *P<0.005 **P<0.01
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betw een  40-60%  of con tro l tone  w hile p eak  co n stric tio n  w as m ore 
variable but ty p ic a lly  to  a b o u t  150% o f  c o n tro l. In  low er
noradrenaline co n cen tra tio n s  th e  relative am plitude  o f  th e  NH4 +
d ila ta tio n  w as less an d  th a t  of th e  w ash o u t constric tion  greater.
Fig (2 B) is  a  g ra p h ic a l re p re se n ta tio n  o f  a  se r ie s  of 4 5  
e x p e rim e n ts  o n  n o rm ally  - a c tiv a ted  e a rs  pooled to g e th e r , to
i l lu s tra te  th e  b a sic  NH4 + effect in  p h o sp h a te  bu ffered , pH 7.2
m ed iu m . T he sh a d e d  p o rtio n  in d ica te s  th e  p erio d  w h en  NH4 + 
perfu sed  th e  p rep a ra tio n  an d  the  u n sh a d ed  portions, th e  p rio r and  
su b se q u e n t R inger - perfusion  p h ases . B oth NH4+ - d ila ta tio n  and  
w a sh o u t constric tion  were very highly significant ((P<0 .0 1 T
W hen  NH4 + w as left p e rfu s in g  for 2 0  m ans. o r  m ore, to n e  
recovered b ack  tow ards control level an d  often overshot.
R esu lts  a t  37°C
W h en  NH4 + w as app lied  an d  w ash ed  o u t  a t  $ 7 °C  th e
m ag n itu d e  of th e  NH4 + d ila ta tio n  w as n o t sign iftan tiy  d ifferen t
from  th a t  a t  room  tem p era tu re . Tone how ever recovered  q u ite  
rap id ly  an d  oversho t con tro l tone even d u rin g  the  5  m ins. w hen
NH4+ w as still p resen t. On w ashou t there  w as fu rth er constric tion
(larger th a n  th a t  a t  room  tem perature) followed by  a  rap id  recovery 
to w ard s  con tro l tone. T his recovery did n o t overshoot reference 
tone even after 10 m ins. of w ashou t (cf Fig IB).
K+ - Activated E a r - P reparation
W hen th e  ears w ere perfused  w ith  50mM or 140m M ' so lu tions,
th e  b asic  resp o n ses to NH4+ application  and  w ithdraw al w ere still
ob tained . W hen K+ w as being  perfused  in  the  con tinu ing  presence
of NA, NH4 + d ila ta tio n  w as even g rea te r th a n  NA a lone , b u t
w a sh o u t co n stric tio n  w as d im in ished  (Fig 3). Reciprocally, w hen 
NA w as w ithheld (so th a t  K+ elevation w as providing th e  sole
b ack g ro u n d  tone) th e  NH4+ d ila ta tion  w as reduced, recovery from
th e  d ila ta tio n  occured  very rapidly, and  on su b seq u en t w ash o u t a  
h igh  p e ak  constric tion  w as obtained.
The Non - Activated E ar P reparation
In  u n s tim u la te d  e a rs  (i.e. no NA and  norm al K+), th e  NH4 +
in d u c e d  d ila ta tio n  w as g rea tly  red u ced  in  am p litu d e . It w as
follow ed b y  a  reb o u n d  co n stric tio n  even w h ilst NH4 + w as still
p re sen t. F u r th e r  constric tion  on w ash o u t w as only slight, though  
sig n ifican t a t  th e  level P<0.05. After constric tion , tone adap ted  
b ack  tow ards control tone in  the  norm al way (Fig 4).
R esu lts  in  O ther Buffers. pH 7.2 a t Room Tem perature.
W hen  p h o sp h a te  b u ffer w as rep laced  by  H epes b u ffer in  
so lu tio n s  perfu sing  NA - activated  ears, the  basic  effects due to
NH4+ app lica tion  and  w ashou t were obtained as above, b u t  there
w ere  s e c o n d a ry  d iffe ren c e s . T he m o st m ark e d  d iffe ren ce
sta tis tica lly  w as th a t  in norm al (2.5mM) Ca^+, the NH4+ dilatation
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30-1
3 . 0 - ,
2 . 5 -
2 . 0 -
NA o n ly  ( n =  4 5 )
1 . 5 -
50-K+/NA (n  = 6)
0.5-
O .O J
0 5 10 15
Time ( m i n s )
Fig 3: Graphs of pooled results, showing basic NH^+ effects in
50-K+ activated preparations, both in the presence and absence o f 5 x  
10'^M NA and in control (6 -K+) NA activated preparations, (same data as  
Fig. 2) NH4 + dilatation was least when activation was by 50-K+ only and m ost
when 50-K+ continuously perfused the preparation in the presence o f NA.
The washout constriction was biggest in 50-K+ only and least in 50-K+ + NA.
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30-NHij Cl
0 .8 -
0 . 6 -
C1 /Phos. ,  7.2 
non activated
0 .2 -
1 0 1550
Time (mins)
Fig. 4: Pooled results of basic NH4 + effect in H2 PO4 ' Ringer's pHq,
7.2  of unstim ulated ears NH4 + dilation was greatly reduced with rebound 
constriction during NH4 + pulse. Further constriction on washout.
Asterisks indicate significant difference from pre+-NH4 + tone.
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w as tra n s ie n t a n d  recovery from  it overshot reference tone (Fig 
5A). However m in im al activa tion  (i.e. very low NA concentration) 
h a d  b een  found  necessary , to p reven t in stab ility  in  th is  series of 
experim ents. Therefore th is  phenom enon  m ay n o t necessarily  be 
a ttr ib u te d  to H epes b u t  to p e rh a p s  th e  b a tc h  of an im als used . 
P a r t ic u la r ly  y o u n g  r a b b i t s  (an d  a lso  ro u g h ly  d is s e c te d  
p re p a ra tio n s !)  te n d e d  to  be  u n s ta b le  a t  th e  n o rm a l NA 
concen tra tion ; tone oscillations of m any  ten s  of mmHg am plitude 
a n d  approxim ately  30 secs period se t in. The low stabilized control 
tone  ob tained  w ith  lower NA levels m ay  therefore be the  reason  for 
th is  overshoot. It w as n o t seen  in  a n o th e r  series of experim ents 
w h ich  a lso  u se d  Hepes b u t  h a d  h igher (lOmM) C a2+ (see below) 
a n d  no rm al NA concentra tion  (Fig 5B). In any  case, irrespective of
th e  C a 2  + c o n c e n tra tio n  th e  NH4 + d ila ta tio n  w as alw ays to
app rox im ate ly  50% of reference tone  w h ilst th e  w ash o u t always 
p ro d u c e d  fu r th e r  tra n s ie n t  co n stric tio n , w ha tever th e  tone  a t  
w hich  it began, before recovering back  tow ards base  tone.
T he large sim ilarities of these  effects in  H2  P 0 4 ‘ and  Hepes
bu ffers m ade it  approp ia te  to capitalize on the  su perio r Ca2+ - 
to le ra n c e  of H epes. T h u s a n o th e r  se ries  of experim en ts w ere 
designed  to investigate the  effects of buffer concentra tion  from 0
to  lOmM . Fig 5C is a  full tim e - cou rse  of th e  NH4 + cycle
sum m ariz ing  the  average resu lts  obtained w ith 0, 0.5 and  l.OmM
Hepes. Fig 5D illustra tes peak  NH4+ dilatations (E01) and  w ashout
c o n s tr ic tio n s  (W02) of a  w ider H epes concen tra tion  range. The 
a s te r isk s  in  Fig 5C indicate significant differences from reference
R
el
at
iv
e 
pr
es
su
re
56
Cl“/Hepes/2. 5-Ca2+, 7.2 
(n = 8)3 -
2 -
.0-
cr/Hepes/10-Ca^+, 7.2 
(n = 13)
- 0 .0 - 1
0 5 10 15
Time (mins)
Fig. 5A and B: Results in 3mM Hepes - buffered Ringer's, A with 2.5mM -
Ca2 * and B with lOmM - Ca2+. In A low stabilized control tone was 
achieved with low (typically 2 .5  x  10~7 M) NA concentrations (normal NA 
concentrations gave tone oscillations with about 30 secs period). Recovery 
from NH4 + dilation overshot reference tone. No such overshoot obtained 
with new batch of experiments illustrated in B, which were performed 
under normal NA activation.
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30-1
1-Hepes (n  = 6)
\  NT* 0 .5 -H ep es  
v V  I
0-Hepes
0J
Fig. 5C: Pooled results o f experiments to investigate effects of
varying buffer concentration. Full time course of the NH4 + cycles obtained
in  O, 0 .5  and l.OmM Hepes. Asterisks indicate levels o f significance of 
differences from reference tone.
Conc.response for Hepes:E01/W02
3
CO
CO
£Q.©>
.2©
DC
* *
* ** *
(n = 6 )
-o- E01 
W02
* ** ** *
121084 620
Fig. 5D: Peak NH4 + dilatations (E01) and w ashout constrictions
(W02) o f a  wider range of Hepes concentration (0, 0.5, 1.0, 3, 5 and lOmM). 
There is no significantly larger NH4 + dilatation nor washout constriction
with lower external buffering capacity; instead the latter increased with 
greater Hepes concentration to an optimum value at 3.0mM Hepes.
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to n e . It is  of im portance  (see d iscussion) th a t  n e ith e r  th e  NH4 +
d ila ta tio n  n o r  th e  w ash o u t constriction: were significantly  bigger 
w h en  ex te rn a l buffering  capacity  w as lower; in  fac t th e  w a sh o u t 
co n stric tio n  in c reased  w ith  increasing  buffer co n cen tra tio n  u p  to 
a n  op tim um  value a t 3.0mM  Hepes.
T ris Buffer
T he b as ic  re sp o n se s  to NH4 + app lica tion  a n d  its  w ithd raw al
w ere  o b ta in ed . T here w as a  tra n s ie n t  NH4 + - d ila ta tio n  w hich
re c o v e re d  slow ly  b a c k  to w ard s  c o n tro l to n e . T he w a s h o u t 
co n s tric tio n  w as also tran s ie n t, recovering b ack  tow ards control 
to n e  m ore rapidly.
B icarbonate  Buffer
CO 2 /H C O 3 '  ra ised  m ean  tone w hen  it rep laced  H2  P 0 4". This
in c re a s e  in  to n e  w as d e p e n d e n t on  th e  e x te rn a l  HCO 3 "
co n cen tra tio n . Fig 6  is a  b a r  plot illu stra tin g  th e  effect on m ean  
to n e  of re p la c in g  a  p h o sp h a te  bu ffered  R inger w ith  th o se
c o n ta in in g  12.5m M  a n d  25mM  HCO3 " respectively . T here  w as
a b o u t a  50%  increase  in  12.5mM an d  abou t 140% increase  w hen
th e  [HCO3 _] 0  w as doubled.
In  CO2 /H C O 3 " buffer bo th  the  NH4 + d ila ta tion  and  w ash o u t
c o n s tr ic tio n s  w ere ob ta ined , and  th e ir  m a g n itu d e s  w ere n o t 
sig n ifican tly  d ifferen t from those in  p h o sp h a te  buffered  m edia. 
However th e ir  ra te s  of recovery or adaption  back  tow ards control
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C02/HC03 effect on tone in Cl
£
3
0)
IQ.
*-«a"oCC
12.5 25
HC03 ConcimM
Fig. 6 : A bar plot of averaged results to illustrate effect on mean
tone o f the replacement of H^PC^- buffered Ringer's with solutions buffered 
by 12.5mM“ and 25mM CO2 /HCO 3 " respectively. Tone increased by about 
50% in 12.5mM and 140% in 25mM C 0 2 /H C 03-.
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to n e  w ere g reatly  reduced . The la tte r  effects will be  fully reported  
in  a  su b se q u e n t p a rt of th is  chapter.
C onsequences of Ionic M odifications
A very  su b s ta n tia l range of ionic su b s titu tio n s  or concen tration  
c h a n g e s  w as m ade, involving all th e  ions p re s e n t in  th e  b asic  
R inger's so lu tion  except Mg2+ . None of these  changes h ad  m ore
th a n  qu an tita tiv e  effects upon  the fundam en ta l NH4 + phenom ena,
i.e. th e  rap id  d ila ta tion  th a t  occurs on NH4 + app lica tion  and  the
c o n s tr ic tio n  (with n early  alw ays a n  overshoot) th a t  o ccu rs  on 
w ashout.
C ationic S ubstitu tions 
Calcium:
C a 2+  dose - dependen tly  ra ised  res tin g  tone  over th e  range 
0 -2 .5mM; above th is, tone plateaued. (Fig 7A).
B o th  NH4 + - d ila tation  and  w ashou t constric tion  were p resen t
w h e n  [Ca2 + ] 0  w as varied th roughou t the  range from  0 to lOmM.
T he m ag n itu d e  of the  NH4 + - d ila tation  decreased  w hen  [Ca2 + ] 0  
w as ra ise d  from  0 to a  m inim um  a t 1.5mM. T h a t of the  w ash o u t 
c o n s tr ic tio n  d ecreased  stead ily  w ith  in c reasin g  [Ca2 + ] 0  above 
0.5m M , Fig 7B. A fterw ards there  w as ad ap ta tio n  of tone back  
tow ards reference tone in  all instances.
In  0 -C a 2+ w ith  sim ultaneously  Q-K+ the NH4+ dilatation was
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Effect of Ca conc. on mean tone(7.2)
1.5-
1.0 -
(n = 16)
0 . 5 - f
0.0
0 2 4 6 8 10 12
Ca con c(m M )
Fig. 7 A  M ean  to n e  effec ts  o f  vary in g  C a2 +  co n cen tra tio n  (0, 0 .5 ,  1 .5 ,
2 .5 , 5  a n d  lOmM ) in  H 2 PO4 '  - R inger's. Ca2 *  d o se -d e p e n d e n tly  r a ise d  
r e s tin g  to n e  over th e  ran ge 0 -2 5 m M  th e n  p la te a u e d  ab o v e  25m M . T h e  
■vel o f  sig n ifica n ce  o f  d ifferen ces from  co n tro l
Cone response for Ca(mM) E01/W02
4
3<DL.DV)tn©
Q. 2©>
©cc !
0
0  2  4  6  8  1 0  1 2
Ca C o n c . mM
Fig. 7B: A  grap h  o f  averaged  r e s u lts  illu stra tin g  p e a k  NH 4 +
d ila ta t io n s  (E01) a n d  w a s h o u t  c o n str ic t io n s  (W 02) w ith  va ry in g
c o n c e n tr a t io n s  o f  C a^+ (0-1 OmM) in  H 2 PO4  R inger s ,  p H q  7 .2 . E O l
d e c r e a se d  w ith  in c r e a s in g  [Ca2 + ]Q to a  m in im u m  a t  1 .5m M . W 0 2  d e c r e a se d  
s te a d ily  w ith  in c r e a s in g  [Ca2 + ] 0  ab ove 0 .5m M .
M.T(E01).Ca, 
M.T(W02) Ca
* *
-1---- ■— 1— ■---- 1---- «— 1----1 r
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2 .5—j 
2 .0-
1 .5 -  
1 .0-
0 . 5 -
0 .0-
30-I
~r~ 
10 15 T l m e ( m l n s )
Fig. 8 : Pooled results of 6  experiments showing full NH4 + cycle in
simultaneously 0-K+ and 0-Ca2+ H2 PO4 ' Ringer's, pH0  7.2. NH4+ 
dilatation was abolished. Washout constriction was enhanced. Asterisks 
indicate significance of difference from reference tone.
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abolished  w hilst the w ashout constriction was greatly enhanced. 
Fig 8 .
Potassium
All experim ents described under th is subheading  are ones in 
w hich NA w as present. 0-K+ in norm al Ca^+ raised resting tone to 
ab o u t twice th a t  in  norm al K+ (6 mM). R ein troduction  of K+ 
subsequently  lowered resting tone concentration - dependently up
to a  [K+ ] 0  of 12mM, after which tone rose instead (Fig 9A).
Fig 9B is an  illustration of the full NH4 + cycle in 0, 2, and 12mM
K + . In 0-K + , NH4 + - induced  d ila ta tion  w as unaffected  in
m agnitude b u t greatly enhanced in duration W ashout construction 
w as reduced in  am plitude and little affected in duration W ashout 
constric tion  w as enhanced in  12mM K+, where the control tone
w as minim al. At higher [K+ ] 0  [30, 50 and 140mM] both  the NH4 +
dila ta tions and  the w ashou t constrictions were sm aller th an  in 
12-K+ (Fig. 9C). Fig. 9D is a  bar plot with error bars of the basic
NH 4 + phenom ena in  different[K+]0 , com paring them  to th a t of
control (6 mM), 12K+ showed highly significant differences during
th e  whole NH4 + cycle. However a p a rt from NH4 + -in d u c e d
dilatation  in OmM and 30mM-K+, and the immediate constriction 
re sp o n se  to w ash o u t in 2mM-K, no o ther changes were of 
significantly different am plitude from those of control. Recovery or 
adap ta tion  of tone back tow ards base tone ocurred in all cases. 
The lower concentrations (e.g. 2mM) predom inantly had slower
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ConcVresponse for K (mM)
2.5
2 .0 -
1.5-
1.0 -
0.5
10 10 30 50 70 90 110 130. 150
K co n c . (mM).
Fig. 9A: Mean tone effects o f varying [K+]q (0-140mM ) H2 PO4 *
Ringer's. p H q 7 .2  in the presence of NA. A: pooled resu lts o f  an  average o f  
12 experim ents. 0 -K + raised resting tone to about twice that o f  control 
(6 mM). S u b seq u en t reintroduction of K+ dose-dependently lowered tone to  
a  m inim um  at 12-K+, after w hich tone rose with further increasing [K+1q.
30-NH/, Cl
cr/phos, 7.2l i i i i l i i i i i i i
l l i l i l l l l l
||l! ! ! l||! ! ! |||;
Time (mlns)
Fig. 9B: Pooled resu lts o f full NH4 + cycles in 0. 2  and 12mM - K+
H2 P 0 4 - Ringer’s  pH0  7 .2  w ith NA. NH4 + dilatation w as unaffected in  
am plitude, but lasted  longer In 0-K +. W ashout constriction w as reduced in  
0-K + b u t enhanced  in 12-K+. Asteriscs indicate significance o f difference 
from reference tone.
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Hepes: mM
Conc^response K (M.T) E01/W02
4
-Q- M.T(E01)K 
■«- M.T(W02)K
3
2
1
0
0 2 0  4 0  60 8 0  1 0 0  120 140
K conc. mM
Fig. 9C: Plot o f  E O 1 and E 0 2  values obtained w hen varying [K+]q
(0 ,2 ,6 ,1 2 ,3 0 ,5 0  and 140mM) in the presence o f NA. Both NH4  dilatations  
and w ashout constriction were greatest w hen [K+]o w as 12mM (cf Fig. 9B). 
A sterisks indicate significances o f differences from reference tone.
4-i
2-
0J
□ OmM K+
2mM K+
6mM K+
m 12mM K+
30mM K+
50mM K+
■l40mM K+
30mM-Nhh Cl
Time (m1ns)
Fig. 9D: Bar plot illustrating the basic NH4 + phenom ena with varying
[K+ ]0  (0-140mM ) com pared to control [K+ )0  - 6 mM. 12-K+ show ed highly
significant differences (asteriscs) during the whole NH4 + cycle. NH4 +
dilatation in  0  and  30m M  -K+ and w ashout constriction in 2mM - K+ were 
also  all significantly different in am plitude from those o f control.
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a d a p ta tio n s  from  the  NH4 + -induced  d ila ta tio n  while h igher
concentra tions (e.g. 140mM) typically had  predom inantly  slower 
a d a p ta tio n  from  th e  w ash o u t constric tion . In 0-K+ both  
adaptations were slowed.
Sodium Substitution O ther Than Bv K+
W hen Lithium , sucrose  or choline to tally  and  isom otically 
s u b s ti tu te d  Na+ in norm al H2 PO 4 ” R inger's, all th ree  raised
res tin g  tone (Fig. 10). They also all perm itted  typical NH4 +
dilatations and w ashout constrictions. The only one of these whose 
m agnitude differed significantly from th a t when Na+ was present 
was the w ashout constriction in sucrose: this was small.
In all these m edia there was adaptation of tone back towards
refe rence  level a fte r bo th  NH4 + d ila ta tio n  and  w ash o u t
constriction. Differences from control occurred in the rates of 
adaptation; b u t details of these will be discussed in part II of this 
chapter.
The resu lts  below describe the basic NH4 + phenom ena in 
preparations treated with drugs th a t affect cation transport.
Ouabain
Ouabain, the classical inhibitor of Na+/K + exchange pumps, is 
generally considered to have no other significant actions. Since 
m ost pum ps are electrogenic (in the hyperpolarizing direction), 
inhibiting them  produces a  degree of depolarization, which has 
proved sufficient to activate some excitable tissues.
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Mean tone :Na substitutes.
M  Na 
Sucrose 
H Choline 
E2 K (140mM) 
□  Lithium
Y?*Z\
>WA\WA*I
Na Substitutes.
Fig. 10: Effect on resting tone of isosmotically substituting (Na+]o in
normal H2 PC>4 _ Ringer’s with lithium, choline, sucrose and potassium: All 
four raised tone.
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D espite  repo rts  of considerable tone-elevation  in visceral 
sm ooth  m uscle e.g. (Daniel & El-Sharkawy, 1974) ouabain had a 
negligible effect on resting tone in the rabbit ear vascular bed (Fig, 
11 A). A ju s t  significant elevation a t 10-^M w as not repeated a t 
10-3 M.
Both the NH^+ dilatation and the w ashout constrictions were
ob ta ined  a t each of the  different concen tra tions used  (1 0 - 3  - 
1 0 -3 M). In all cases there was recovery of tone back towards 
reference level. The rates of these adaptations will be discussed in 
details in part II of this chapter.
Fig. 11B is a plot of the relative NH4 + effects of ouabain
com pared to those in control solutions (i.e. w ith no drug). The 
d ifferences looked considerable  and  w ere all in  the  sam e 
direction, b u t the num ber of experim ents being naturally  small 
w ith  each  ouabain  concentration, unpaired  t- te s ts  w ithin each 
individual ouabain concentration showed that, only 10"^M washout
and  1 0 '3 M NH4 + application were statistically  significant a t an
acceptable level. Pooling the results with all ouabain concentration 
together, since no concentration effect was apparen t (at least for 
w ash o u t constriction) showed a significantly (p<0.05) enhanced 
w ashout effect.
At 37°C, the NH4+ dilatation in the presence of 10“5M ouabain
w as significantly (p<0.05) less than  th a t of control solution, while 
the  w ashout constriction was greatly reduced. Recovery of tone 
from the dilatation overshot reference level even while NH4+ was
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a .  Log conc/tone for Ouabain.
2.0
0
ij 1.5- 
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CO
0n
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Log cone
Fig. 11A: Effect on resting tone of different concentrations of ouabain
(10“®M - 1CT3 M). Pooled results of 4 experiments. Negligible effects at all 
concentrations except at 10~4M where ouabain raised tone slightly.
Log contyfesponse for Ouabain:E01/W02
o>
<Dor
4
3
2
•Q- E01 :Ouabain 
-o- W02:Ouabain
1
0
c 4 3 257 68
Log conc.Ouab.
Fig. 1 IB: Plot of the NH4+ effects in ouabain compared to those in
control Ringer's (no drugs). Differences look considerable and are all in the 
same direction though only 10‘3M NH4+ dilatation and 10-4M washout 
constriction were significantly significant (at levels P<0.05 and P<0.01 
respectively).
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still p resent. T hat from the w ashout constriction was unaffected 
by ouabain.
Amiloride
Amiloride, a  cation-an tiport inhib itor (see D iscussion), dose 
dependently  reduced m ean tone w hen applied (cumulatively or 
• non-cumulatively) and  did so very highly significantly a t the 
higher doses, (Pig. 12A).
It perm itted  bo th  the  NH4 +- induced  d ila ta tion  and  the
w ash o u t constriction, th roughou t the  drug concentration range 
em ployed (10 '^M  - lCT^ M). The m agnitudes of the  dilatations
(expressed, a s  always, relative to pre-NH4 + tone) appeared
som ew hat enhanced in lower concentrations of Amiloride, where 
m ean tone was minimally lowered (cf Fig. 12).
At higher concentrations (10'^M) where m ean tone was greatly
lowered, the NH4+ dilatation and w ashout constriction (even when
ex p ressed  as u su a l, relative to pre-NH4 + tone) were both 
substantially  reduced (Fig. 12B).
10”^M Amiloride applied only during the NH4 + phase greatly
enhanced the NH4+ dilatation; conversely, applied only during the
w ashou t period, it totally abolished the w ashout constriction. If 
th is  concentration  of Amiloride w as given as a 1-2 min. pulse 
during  the w ashout period a rapid decrease in tone occurred, 
followed by an immediate recovery.
All of the  am iloride derivatives also perm itted  the NH4  + 
dilatation and w ashout constriction. However the points of interest
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a . Log conc./tone for Amil.
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Fig. 12A: Cumulative (C) and non-cumulative (NC) log conc./tone
plots for amiloride. For NC, n = 8; for C, n = 6. Asterisks indicate 
significant reduction of tone as compared to control (drug-free H2 PO4 " 
Ringer’s, pHq 7.2).
b . Log conc./response for E01/W02 in Amiloride
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Fig. 12B: Plot of both NH4+ dilatations (E01) and washout
constrictions (W0 2 ) obtained in the presence of varying concentrations of 
amiloride (10'^ - 10"3 M). At 10'3M E01 was significantly reduced and 
W02 was also reduced (n = 4).
as regards th is group of drugs is their effect on the rate of recovers 
of tone after these pHi induced changes: see part 2 of this chapte
Anionic Substitution
As previous workers (MacLellan et al 1974) found, the  main 
anion  substitu te, PhSOg", raised m ean tone to about twice the value
it h ad  when CP was the bulk anion (Fig. 13A). The initial NA effect , 
w hen the agonist was applied after the anion-substitution had been 
affected, was similar to b u t usually larger than  th a t in Cl” (Fig. 13B).
pHi modification with NH4+ was investigated in PI1SO3 " media 
in  th e  presence of different buffers - H_P04 ”, Hepes and HCO3 ”. 
B oth the  NH4 + dilatation and the w ashou t constrictions were
obtained in all three buffers used. In all cases, the NH4+ dilatations
w ere greatly  enhanced  while the w ashou t constric tions were 
greatly reduced and hardly overshot reference tone: indeed in one 
buffer they did not even reach reference tone. (Fig. 13C).
When pH| was lowered in CO2 /HCO 3 " buffered PhSOg” solution,
by sim ultaneously changing both P< 2 0 2  anc* [HC0 3 ”]0, there was an
increase in tone.
This increase was however less than  w h m  Cl" was the bulk
anion Fig. 13D).
S.I.T.S.
The anion-flux inhib itor S.I.T.S. produced no qtiafititative 
differences in the amplitudes of either the NH4+ dilatation! (yf the
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Anion substitution(phSo3):effect on tone
JS3Ocn
N \ N \ \ \ \ V ®
PhS03
Fig. 13A: Effect on  m ean  tone o f  to ta lly  rep lacin g  C l' w ith  PhSOg" in
H2 PO4 '  Ringer's PhSOg" raised  m ean  to n e  to a b o u t tw ice the va lu e  it  h ad  in  
Cl' (n = 6 ).
250
3: PhS07~ (Phos) , 6.7 :
MM
Fig. 13B: O riginal trace o f  NA activation  in  H2 PO4 ' - buffered PI1SO 3 '
Ringer's, p Hq  6 .7 , sh ow in g  b ip h a s ic  resp o n se  sim ilar  to b u t  larger th a n  
th o se  ob ta in ed  in  Cl" {cf. Fig. 1A). At h igh er  pH 's th e  r esp o n ses  ob ta in ed  in  
Cl" w ere c lo ser  to th a t illu strated  here.
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30mM-NH^ Cl
1 .5 -
1.0
0.5 -
^C1 /Phos., 7.2 (n = 45)
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0 . 0
9 PhS03 /Phos., 7.2 (n = 10)
0 1 0
“T
15
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F ig . 13C : P o o le d  r e s u l t s  o f  fu ll  N H 4 + c y c le s  in  H 2 P O 4 " b u ffe r e d
P h S 0 3 " m e d iu m . T h e  N H 4 + d i la ta t io n  w a s  g r e a t ly  e n h a n c e d  w h ile  th e  
w a s h o u t  c o n s t r ic t io n  w a s  g r e a t ly  r e d u c e d  a n d  fa ile d  to  r e a c h  r e f e r e n c e  to n e .
PhS0?~ (Phos) y .
F ig . 13D : P rep a ra tio n  p er fu sed  w ith  5%  C O 2  a n d  2 5 m M  H C O 3 '
p r e c e d e d  a n d  fo llo w ed  b y  p er io d s in  p h o sp h a te -b u ffe r e d  R inger's; P h S O g '  
th e  b u lk  a m io n  th r o u g h o u t. C O 2 /H C O 3 ' r a ise d  to n e  w h ic h  recovered  s lo w ly  
b a c k  o n  rem o v a l o f  th e  C O 2 /H C O 3 '. T h is  e ffe c t  w a s  m u c h  w e a k e r  in  
PhSC>3 - th a n  in  Cl".
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w ashou t constriction, w hether in HP04" - or in H C03‘ - buffered
m edia. S.I.T.S. however affected the recovery rates of both effects 
as will be discussed in the subsequent section.
R esults From Metabolicallv Inhibited Preparations
Application of CN"/F", to inhib it m etabolism , reduced m ean 
tone by about 1 /3  to 1 /4  in the majority of preparations whilst in 
one there  w as complete loss of tone in the course of 70-90 mins.
B oth NH4 + dilatation and w ashout constriction were p resen t in
these  poisoned preparations, except where no tone rem ained. The
fractional NH4+ dilatation was slightly reduced while the w ashout
constriction was enhanced (Fig 14).
Results From Denervated Ears.
Chemically sympathectomised ears were about 1 0  times more 
sensitive to NA th an  those of un treated  anim als, and were ra ther 
unstab le  in their response to m any ionic changes. Nevertheless,
NH4 + dilatations and w ashout constrictions were p resen t in all
p reparations. There were moreover, no qualitative differences, 
no r even detectable quantita tive  ones, from those of control 
preparations.
Consequences Of Endothelial Inhibition
Three m ethods, namely, the applications of haemoglobin (Hb),
m ethylene blue (MeB), and  distilled H2 O, w hich had  been
reported to inhibit endothelium - dependent relaxations in other
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30-NH,, Cl
2 . 0 —1
3-CN"/1-F“ (n  = 10)
Control
0 .5  -
0.0 J
Time (mlns)
Fig. 14: Graph of pooled results showing basic NH4+ effects when
3mM NaCN/lmM NaF replaced osomotic equivalents of NaCl in both NH4 + 
and normal H2 P 04“ -bufTered Ringer’s. The fractional NH4+ dilatation was 
significantly reduced while the washout constriction appeared enhanced in 
these metabolically inhibited preparations.
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vessels (Furchgott et al 1985, M artin et al 1986), were tried for 
th e ir effects on the NH^+ dilatation. Their effect was tested by
p e rfu s in g  Ach (10“®M, after prelim inary tr ia ls  of a  range of 
concentrations) for about 2-3 m inutes prior to the application and 
w ashou t of NH4 +.
In control situations where there were no inhibitions by MeB, Hb
or dist. H2 O, the  dilatations produced by both  NH4 + and 1 0 " -
Ach were of com parable m agnitudes. They were no t in the 
inhibited preparations. (Fig. 15B).
The A ch-dilatation w as dim inished som etim es to as little as 
20-15%  of the  control value, though was not abolished by any of 
th e se  ag en ts  even w hen they  h ad  been  applied  a t h igher
concen tra tions (MeB and Hb) or for longer periods (dist. H2 0)
th a n  reported  necessary  by Furchgott e t al to produce 100%
inhibition of Ach-dilatation in rabbit aorta. In the case of dist. ^ O ,
there  w as little inhibition of the Ach-dilatation b u t m ean tone fell 
slightly.
Both MeB and Hb raised m ean tone, (Fig. 15A), and in accord
w ith  th is , enhanced  the  NH4 + dila tation  while inhibiting the
w ashou t constriction. Nevertheless, both trea tm en ts diminished 
the  A ch-dilatations. In MeB (which was the more effective) the 
m ean Ach-dilatation was about 38% of it's control dilatory effect 
(Fig. 15B). W hen MeB and Hb were w ashed out, all the 
consequences of the ir application were only partially  reversed 
during the lifespan of the preparation. Relative to mean tone, the
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Effect of Meb/Hb on mean tone
£
3
<0«
£Q.
3
2
1
0
C o n t . HbMeB
Fig. 15: Endothelial inhibition with MeB and Hb. A; Bar plot
illustrating relative change in resting tone when MeB (5 x lO'^M) and Hb C 
« 1 0 'S _ io'^M) were applied in H2 PO4 - Ringer's, pHq 7.2. Both MeB and 
Hb raised tone. Dist. H2 O reduced tone to about 0.96 of that of control.
B: Bar plot illustrating Ach and NH^-4- dilatation and washout constrictions 
obtained in the presence of MeB. Hb and after 20-40 secs, prepulses of dist 
H2 O compared to their respective controls (i.e. untreated preparations).
Ach dilatations diminished in all three, and to about 38% of control dilatory 
effect in more effective MeB. NH4 + dilatations were enhanced while the 
washout constrictions were diminished. Average number of experiements 
pooled together in all cases was 3.
Endothelial effect on E01/W02 (Hb;Ach & Dist.H20)
3
£
3<0m£O.
JOQ>cc
M.T:Cont/Hb 
0  M.T:Hb 
M M.T:Cont/MeB 
M.T.:MeB 
H  M.T:Cont/H20 
M.T:DisLH20
Ach NH4+ WASH
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N H 4 + d i l a t a t io n  a f t e r  d i s t i l le d  w a te r ,  w a s  a ls o  s l ig h t ly  e n h a n c e d  
a n d  t h e  w a s h o u t  c o n s tr ic t io n  a ls o  s l ig h t ly  in h ib i te d .
H y p o x ic  A n d  H v p e ro x ic  E f fe c ts
H y p o x ic  a n d  h y p e r o x ic  c o n d i t i o n s ,  i n d u c e d  b y  c o n t i n o u s
a p p l i c a t io n  o f  1 0 0 %  N2  a n d  O 2  re s p e c tiv e ly , d id  n o t  a l t e r  t h e  b a s ic
N H 4 + e f f e c ts  q u a l i t a t iv e ly ,  n o r  e v e n  to  a n y  m a t e r i a l  e x t e n t  
q u a n ti ta t iv e ly .
E f fe c ts  O n  O th e r  V a s c u la r  P r e p a r a t io n s
I n  o r d e r  to  e s t a b l i s h  w h e th e r  t h e  N H 4 + p h e n o m e n o n  is
a p p l i c a b l e  m o r e  w id e ly  t h a n  to  t h e  r a b b i t  e a r  a r t e r y ,  s o m e  
e x p e r im e n t s  w e re  c a r r ie d  o u t  o n  w h o le  f e m o ra l  b e d s  o f  t h e  r a b b i t  
a n d  s o m e  o th e r  p r e p a r a t io n s .
W h o le  F e m o ra l  B e d s :
A ll e x p e r im e n t s  c a r r ie d  o u t  w i th  w h o le  f e m o r a l  p r e p a r a t i o n s  
w e re  d o n e  a t  3 7 ° C  a n d  a c t iv a t io n  w a s  w i th  NA. T h is  p r e p a r a t i o n
w a s  d i la te d  b y  N H 4 + a p p l ic a t io n  a n d  c o n s t r ic t e d  b y  i t s  w a s h o u t .
T h e  N H 4 + d i l a t a t io n  w a s  s ig n i f ic a n t ly  l e s s  t h a n  t h a t  o f  t h e  e a r
a r t e r y  a ls o  a t  3 7 ° C , w h ile  t h e  w a s h o u t  c o n s t r ic t io n  d id  n o t  d iffe r  
s ig n if ic a n tly .  Fig- 16.
F ro g  W h o le  B o d y  P r e p a ra t io n .
T h e  N H 4 + e ffe c ts  in  th e  fro g  (a c t iv a te d  w i th  a d re n a l in e )  w e re
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NH^ + e f f e c t  a t  37°C 
30 -  NH4 Cl
2 .0-
<u
CL
<D>
4->
CO• I<D
“  0.5-
Femoral (n = 7)
0.0J
0 5 10 15
Time (mins)
Fig. 16: Graphs of pooled results showing basic NH4+ effects in ear
artery and whole femoral preparations at 37°C, NH4+ dilatation was 
significantly less while the washout constriction was unaffected in the 
femoral preparation.
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the converse of those in the mammalian vascular preparations. On 
application of NH^+, there was a transient increase in tone which
recovered very rapidly, undershooting reference value. On washout 
there w as further dilatation followed by a recovery tow ards 
reference tone. Due to problems with eodema when perfusion 
lasted  for longer periods, a few short-cycle experiments were
performed, the NH^+ phase lasting just 2  mins. instead of 5  and
the w ashout phase 3 mins. instead of 10. There were no 
qualitative differences in either effects. However, recovery from
the NH4 + - induced constriction was understandably less complete
whilst NH4 + remained for just 2  mins. and after this brief
treatment recovery from the washout - dilatation was rapid, (Fig. 
17).
Modification Of pH^  bv COo Entry
There are several possible procedures by which CO2  could be
made to enter cells in order to acidify them, without altering pH0 
The sim plest of these procedures is the replacement of a 
nominally C 02 - free buffer such as phosphate by a CC^/HCC^- 
system of similar pH. Fig. 18A illustrates results obtained when 5% 
CC>2/25mM HCO3 " - buffered solution replaced a phosphate - 
buffered one. There was an increase in tone on introduction of 
C 02 . On washout it fell. The responses were slower than in NH4+ 
experiments though their magnitudes were just as great.
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FROG
(whole)
0 .8 - (n = 5)
0 2 6
Time (mins)
Fig. 17: Pooled results of full NH4 +, cycles of whole frog preparation
(activated with adrenaline). Perfusion with 30mM NH4 CI lasted 2 mins and 
washout with normal Ringer's 3 mins. There was transient increase in tone 
with NH4 + application followed by a decrease on washout.
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ELEVATION (CONSTANT p H )  INCREASES TONE
Cl  ( P h o s )
C02/HC03 effect on tone in CL and PhS03
CL
PHS0310 -
2 51 2 .50
H C03 concfm M )
Fig. 18A and B: C 0 3 /H C 0 3 ‘ effect on tone. A; Original trace o f  ear artery 
perfused with 5% C 0 2 /25m M  H C 03 ' Cl' Ringer's pH 7.2 , preceded and 
followed by periods in H2 P 0 4 " - buffered Cl' Ringer's pH0  7 .2 . C 0 2 /H C 0 3 ' 
raised tone which recovered slowly back towards reference value on removal 
o f  the C 0 2 /H C 0 3 *. This effect w as stronger than that obtained w hen
P h S 0 3 ' w as the bulk anion c f Fig. 13D.
B: C 0 2 /H C 0 3 '  - induced constriction in Cl' and P h S 0 3 ' m edia. M agnitude o f  
constriction increased with increasing [HC03 ' ] 0  in both anions, though less  
so  in P h S 0 3 '.
Equivalent experiments using 1.25% /6.25mM  HCO3 " and 2 -5%
C 0 2 / 1 2 .5 mM HCO3 " showed that the magnitude of the CO2  - 
induced constriction increased with concentration, (Fig. 18B). All 
these effects were diminished but present when PhSC>3 " had been 
totally substituted for Cl'.
Responses To pH0  Alterations.
The general trend by which pH0  affected vascular tone was, an
increase in tone with increasing pH0 , in accord with the
observations of Gaskell (1880). If the pH of Ringer’s perfusing the 
ear artery was decreased from 7.2 to 6.7 tone fell. Conversely an 
increase to 7.7 raised tone.
In phosphate - buffered media, this classical response to pH0
was obtained, when either Cl" or PI1SO3 " was the bulk anion, (Fig.
19A & 19A1). Even when MeB was applied, the response to pH0  
in Cl~ phosphate Ringer's was in the normal direction, (i.e. an 
increase in tone with increasing pH0). The same result was also 
obtained in Hepes buffered Cl' Ringer’s. However in Hepes - 
buffered PI1SO3 " Ringer's the reverse was the case. Changing from 
7.2 to 6.7 in this medium raised tone while a change from 7.2 to 
7.7 lowered tone (Fig. 19B and 19B1).
An increase in external K+ concentration from 2.5 to 50mM, or
total replacement of NaQ^ " with sucrose, did not alter the direction
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NORMAL,PHn EFFECT: ACID DILATATION/ MAGNITUDE Cl "  DEPENDENT
Cl" (Phos) 7.7
PhSOj" (Phos)
pHo effect in phosph/2.5 Ca: CI/PhS03
-o- CI/Phos/2.5Ca PhSOg* yphog/2.5
1.3-
0.9-
0.7-
0.5
7 .87 .57 .26.96.6
pHo
Fig. 19A and A*: pH q effect on tone In H2 PO4 ' - buffered 2 .5  - Ca^+ Cl* and  
PhS0 3 " Ringer’s , changing from pH0  7 .7  to 6 .7  reduced tone In both  anions  
pH0  effect Is less in PhSC>3 '.
A; Original traces Illustrating pH0  effect - Top trace in CT and bottom  trace 
in  PI1SO3 -.
A: Plot o f 23  (for Cl*) and 8  (for PI1SO3 ') experim ents pooled together, with  
asterisks Indicating significant difference from control pH0  r 7 .2 .
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IK  P hSO j *  (H E P E S ), ACTS SAHE WAY AS ' p H,
PhSOt ~ (HEPES)
Fig. 19B and B*: pH0 effect on tone in Hepes - buffered, 10 - Ca^+ Cl" and 
P h S 0 3 " Ringer's. Changing from pH0 6 .7  to 7 .7  lowered tone in P h S 0 3 ~ but 
raised tone In Cl'.
B: Original trace in P h S 0 3 '
B*: Plot o f  10 experim ents pooled together for each of the anions showing  
these pH0 effects. A sterisks indicate significant difference from control 
pH0 (7.2).
pHo effect in Hepes/10 Ca: CI/PhS03
-o- Cl/Hepes/1 OCa 
•«- P h S 0 3' /HEPES/10
**
7 .5 7 .87 .26 .96.6
pHo
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of vascular response to pH0 , but both manoevres raised the
sensitiv ity  to pH0 . An increase of temperature from room
temperature to 37°C did not significantly alter the response to
pH 0  changes either quantitatively or qualitatively. Table D fully
lists the relative pressures in response to pHo changes in variously 
- modified Ringer's.
There was an increase in tone with increasing pH0  in varying
concentration of Ca^ + 0  The pH0  sensitivity however initially
increased with increasing [Ca^+]0 , peaking when Ca^ + 0  was
1.5mM and then declining with higher [Ca^+]0, (Fig. 19C). In O-
[Ca^ + ]0  pH0  sensitivity was almost abolished but simultaneously
removing Ca2 + 0  and K+ 0  from the external media restored pH0  
sensitivity. The relative reference tone in O- Ca^+ was 0.62 while 
that in silmultaneously 0-Ca^ + 0  and O K + 0  was 0.51.
p Hq Effect On Changes 
To establish pH0  influence on the pHj modifications induced by
NH4 + application and its subsequent washout, a number of 
experiments were each performed at a constant acidic (6.7) or 
alkaline (7.7) pH0  in various buffers and ionic compositions.
Qualitatively, none of these variations affected the NH4+ dilatation 
or its washout constriction. Figs. 20A, B, C and D are bar plots
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showing values in both pH0  6 .7 and pH0  7.7, in (A) varing [K+]0;
(B) varing [Ca^ + ]0  and (C and D) varing buffer, anionic or cationic
substitutions. The general trend in the majority of these results is
an enhancement of the NH4 + dilatation in alkaline media and of
the washout constriction in acidic media. The few exceptions to 
this generalization were certain of those obtained with Hepes -
buffered Cl" with lOmM Ca^+ in which both NH4 + dilatation and
w ashout constrictions were enhanced; and those with PI1SO3 "
irrespective of the buffer used in which the washout constriction 
was enhanced in pHo 7.7 and there was no significant difference of
the NH4 + dilatation in both pH0 's.
Another common feature was that the recovery from the NH4+
dilatation was slower in the alkaline medium and that from the 
washout constriction relativity faster. Fig. 20E is a full time course
for the NH4 + cycle, illustrating the typical pH0  effect on pH* 
modifications.
T able D: A  table o f  relative p ressu res , resp o n se  to p Hq  ch a n g es and
pH 0  sen sitiv ities  in  variou sly  m odified Ringer's. Q: va lu es are relative to 
tone in b a s ic  H 2 PO4 '  buffered  C1‘ Ringer's pH 0  7 .2
Q
Treatment n mean tone PH0 PHq sensitivity 
(difference between
7.2 6.7 7.7
ic id and alkaline pHc
Control CIV 
Phos.
23 • 1.000 0.806** 1.207:* 0.401
i
0 - Ca2+ 8 0.62 0.920NS 0.953NS
f
0.033 I
5 Ca2+ 6 1.08 0.817** ' 1.052* 0.235
0 - Ca2+/0- K+ 6 0.51 0.928NS 1.178s 0.250 |
CIVHepes/
10a2+ 10 1.028 0.880* 1.161*
j
0.281 j
PhS03"/Phos./ 
2.5 Ca2+ 8 2.160 0.830** 1.179s 0.349
CI7Phos/37°C 14 0.622 0.835** 1.193** 0.358
MeB 2 1.688 0.880** 1.240** 0.360
0.5 -Ca2+ 6 0.94 0.767** 1.247* 0.480
Sucrose 2 1.323 0.585s 1.115NS 0.530
10- Ca2+ 6 1.190 0.733** 1.285* 0.552
1.5 -Ca2+ 6 0.98 0.618** 1.178** 0.560
50-K+ 2 2.095 0.680** 1.415** 0.735
PhS03V 
Hepes/10-Ca2+ 10 2.693 1.338** 0.599** 0.739
** = p<0.01, * = p<0.05, s = p<0.10, NS = Not significant
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pHo sensitivity to Ca
1 . 0
0.5
0.0
1210862 40
Ca; conc.mM
Fig. 19C: pH0  sensitivity to Ca2+ increased with increasing [Ca2 + ] 0  to
a peak at 1.5mM Ca2+ -declining thereafter with further increase in [Ca2+]0.
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£3<0
CO£o.
ao
0C
pHo effect on pHi changes(E01/W02):K Dependence
3
6.7: E01 
7.7:E01 
6.7:W02 
7.7:W02
K conc.mM
Fig. 20: pH0 effect o n  pHj in d u ced  c h a n g e s  in  tone: E O l-a lk a li
(NH4 +)' in d u ced  d ila tation  W 0 2 ; a c id  (w ashout) - in d u ced  con striction . pHj 
w a s m odified a t  co n sta n t acid  or a lk a line  pH0 .
A: In varying [K+]0 .
B: In varying lCa2+ ]0 .
C&D: In  v ariou sly  m odified (buffer, a n io n ic  a n d  cation ic) R inger s.
In general. E O l is  en h a n ced  in  a lkali an d  W 0 2  in  acid  pH0 .
pHo effect on pHi changes(E01/W02):Ca Dependence
£Q.
■  6.7 :E01 
d  7.7:E01 
M 6.7:W02 
M 7.7:W02
.5 2.5
Ca conc.mM
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pHo e ffe c t  on NH4 d i la ta t io n :  varied conditions
2 .5 -
<D
3 2 .OH
<n 
in 
<D
1.5H
03 >
□  6.7: E01 
BS 7.7: EOl
pHo effect on wash out constriction: varied conditions
a>O'
□  6.7: W02 
7.7: W02
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30-1
2 .0 -<DL_ZJ</>
CO
CDI—
6.7
**Ql
<x>>
ca
CDcc
0 . 5 -
C l“ /2 .5 -C a^  /Hepes
O.O—i
5 100 15
Fig. 20E: Pooled results of full-time course of NH4 + cycle illustrating
typical pH0  effect on recovery rates from both NH4 + - dilatation and washout 
constriction. Recovery rate from NH4 + dilatation was slower in the alkaline 
pH0  while that from the washout constriction was slower in the acid pHq.
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PART II
On The Adaptation Rates
The rates of return towards reference tone from both NH4 + -
induced dilatation and washout - induced constriction may be 
taken as indicators of the rates at which the smooth muscle cells 
recover respectively from alkaline and acid loads. The results 
outlined in this section are on the effects of ionic substitutions and 
certain drugs upon these rates. It will be seen that anion
substitutions all principally affected recovery from the -
induced dilatation. Cation - substitutions principally retarted 
recovery from the washout - induced constriction. However, the 
anion - flux inhibitor S.I.T.S. and the cation - exchange inhibitor 
amiloride both retarded both recoveries.
Peak dilatations were achieved in most media within the first
or second minute after NH4 + application and peak constrictions in
the second or third minute after withdrawal. However in the case 
of the withdrawal (acidification) phase, some substitutes produced 
departures from this generalization: in particular, peak was not 
reached till the 5th or 6 th minute in S.I.T.S., amiloride or sucrose. 
The values reached at peak were also markedly different from one 
another in the different media. The trough tones reached in the
preceding responses to NH4 ’*" were themselves to some extent
medium - dependent. If tone is assumed, for argument s sake to
vary linearly with pHi then the driving force for HCO3  or H
extrusion is proportional to the relative amount by which the
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trough or peak tone differs from the pre-NH^+ tone On this basis
I shall express the inhibition of recoveries from alkali - induced 
relaxation and acid - induced constriction in terms of % - age 
recovery from the extreme tone perturbation at the end of 4  mins. 
for alkali relaxation and 8  mins. for acid constriction Fig.21 .
Recovery From Alkaline Load
The rate of recovery of tone from the alkaline - induced
relaxation was halved by substituting PI1SO3 " for all Cl"’ (Table E).
Figs 2 1 A and B show the effects of two interventions both of which
should reduce any efflux of HCO3 " which occurs in exchange for Cl"
influx. One was the use of a Cl" - medium buffered by 5%
C 02 /25m M  HCO3 " instead of 3mM phosphate. In this buffer,
whilst the extent of NH4 + - dilatation was relatively unaffected, the
rate of recovery from this dilatation was reduced to about 1 /4  of 
that of control. The other intervention was the application of
S.I.T.S. in both HPO4 " - and CO2 /H C O 3 " - buffered Cl" media.
Recovery was yet more powerfully inhibited to about 1 /8  control 
rate in both media: Alternatively, the second of the two results 
may be expressed as a further halving, by S.I.T.S., of the rate
obtained in S.I.T.S. - free C0 2 /H C 0 3 ". Amiloride also retarded 
recovery from the alkali - induced relaxation in both HPO4 " and 
C0 2 /HCC>3 " - buffered media. Recovery was reduced to between 
1 /2  and 1 /3  control rate in H2 PC>4 " while in CO2 /HCO3 " no
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A lk alin e  load Acid load
0 5 10 15 Time (mins)
% rec. = fb - a \  100 f c - d 
\1 - a  I \  c - 1
Fig. 21: Diagramatic representation of the estimation of recovery
rates from extreme tone pertubation at the end of 4 mins. for alkali 
relaxation and 8  mins. for acid constriction: a and c maximum. NH4 + 
dilatation and peak washout constriction respectively b, tone after 4 mins. 
of maximum NH4 " dilatation and d, tone after 8  mins. of peak washout
constriction.
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T a b le  E: o / o  - a g e  reco v e ry  r a te s  from  N H 4 + - d ila ta tio n  a n d  washout
c o n s tr ic t io n  o f  v a r io u s ly  m o d ified  m ed ia .
Recovery from Alkaline Load
Treatment n % recovery 
in 4 mins.
Control: Cl'/Phos 45 60
K+ 13 95
Choline 7 62
Li+ 14 57
Sucrose 8 37
PhS037Phos 8 29
Amiloride/Phos 8 24
25mM HCO3- 8 13
SITS/HCO3- 4 8
SITS/Phos 4 7
Amiloride/HCD3" 4 0
Recovery from Acid Load
Treatment n % recovery 
in 8 mins
Control: Na+ 45 93
Li+ 14 113
SITS/HCO3- 4 62
25mM HCO3- 8 54
K+ 13 54
Amiloride/HC0 3 “ 4 35
Choline 7 34
Sucrose 8 23
SITS/Phos 4 23
Amiloride/Phos 8 12
PhS03- 8 7
99
30-NH.Cl
a>
3</>cn<u
(n = 8 )CL rico.<u>
CD
0 . 5 -
0 . 0  J
Time (m ins)
30-NHj. Cl
2 . 5
•—.L.
2.0  ~
^ _ io^ m sits^ (n = 4)3
CL)
CL
CD> . C on tro l- '7'"
CO
0 . 5 -
0 . 0  J
Fig. 21Aand B: Pooled results of full NH4 + cycles In 5% C02/25m M  HCO3 ' 
- buffered medium with and without SITS (10'^M), H2 PO4 ' - buffered
medium with and without SITS (lCT^M) and amiloride (2 x  10~^M). All 
these interventions slowed recovery rates from both NH/j.+ dilatation and 
washout constriction.
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recovery could be detected during the 5  min. period studied.
Of the cations, K+ enhanced recovery from alkaline load, Li+ 
and choline did not significantly affect it, but sucrose inhibited it.
The effect of pH0  on the recovery from alkali load was
examined in several media. The common finding was an inhibition
of recovery in an alkaline medium (pH0  7.7) and an enhancement
in an acidic one (pH0  6.7) cf Fig. 20E.
Recovery From Acid Load
All the Na+ substitutes retarded recovery from the washout - 
induced constriction except Li+ , in which recovery rate was 
actually enhanced. Sucrose produced the greatest retardation; 
recovery was much delayed in onset and, even when expressed as a 
fraction of the small overshoot attained, took place at 1 /4  the 
control rate. Relative recovery in choline was 1 /3  that of control, 
and in 140k about half of control. These results are tabulated in
Table E in addition to those obtained when CO2 /HCO 3 " replaced
H2 PO4 " buffer and when S.I.T.S. and amiloride were applied in 
both buffers. Both S.I.T.S. (10~5 M) and amiloride ( 2 x  10"4 M) 
inhibited recovery from the acid induced constriction in H2 P 0 4' - 
buffered medium. Relative recovery rate in S.I.T.S. was 1 /8  control. 
When C 0 2 /H C 0 3" replaced H2 P 0 4', recovery was retarded to
about half that in H2 PO4 .” - control. Application of S.I.T.S. in 
CO2 /HCO3  did not however retard this recovery further. On the
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other hand application of amiloride in C 0 2 /H C 0 3 “ did retard 
recovery somewhat further. Figs. 22 A and B are graphical 
representations of the NH4 + cycle in some of the experimental 
variations mentioned above.
Though pH 0  effects on recovery from acid -^induced  
constriction were not significant, the apparent trend was towards 
a retardation in an acid pH0  (6.7) cf Fig. 20E.
Amiloride :
Effects On Recoveries From Alkali - Induced Relaxation And Acid - 
induced constriction
10“3M amiloride applied at different stages of the NH4 + cycle
produced the following results.
(1) Throughout The Cycle
When 10“3M amiloride was applied throughout the NH4+ cycle,
the recoveries from both the NH4 + dilatation and acid induced 
constriction were completely inhibited Fig. 23A.
(2) During Alkaline Load [E01-E051
Both recoveries, from the NH4 + dilatation and from the
w ashout constriction, were completely inhibited. The transient 
overshoot of tone on washout was also abolished.
Time (rains)
Sodium
,iftOK+ (n  = 13) ;
.  Sucrose
C ontro l sodium j y / -  
sJiMx sucrose ,
V r  /'l
10 Tlrae (rains) 15
Fig. 22A and B: Pooled results of full NH4 + cycle in Na+ substituted media: 
substitution with 140K+, Lithium, Sucrose and Choline. K+ enhanced while 
sucrose inhibited recovery rate from NH4 + dilatation. All except -Lj+ 
retarded recovery from washout constriction.
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'Out
2.0
1.5
1.0
0 . 5
ZJCO
0.0
Q.
CD>
+J
amiloride (n = 4)
0.0 J  , . , ,
0 5 10 15 20
Time (mins)
Fig. 23A and B: Pooled results of full NH4 + cycles: A lO'^M amiloride 
applied throughout NH4 + cycle. B: applied only within the first four 
mlntues of washout phase. Recovery rates from both NH4 + dilatation and 
acid constriction were infinitely inhbited in A. In B the transient increase 
in tone due to NH4 + withdrawal was abolished.
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(3) During Acid Load;
(i) Applied throughout the washout of NH .^+ it completely 
abolished the increase in tone normally observed. FiS- 23A-
(ii) Applied within the first four minutes of washing, it abolished 
the transient acidification usually obtained within this period 
Fig. 23B.
(iii) When a one - minute pulse was applied 5 mins. after NH4+
withdrawal, there was a very rapid decrease in tone followed by 
a transient recovery.
Dose - Dependent Effect Of Amiloride
When amiloride was applied throughout the NH4 + cycle at
concentrations between 10"7M to 10_4 M, the recovery from NH4 +
- dilatation was inhibited dose - dependently. Except for 10"3 M, 
there was considerable inhibition of the recovery from acid load 
although not strictly in a dose - dependent way Table F.
Amiloride Analogues
Both pHj and intracellular Ca2+ depend greatly on the
transmembrane Na+ gradient (Vaughan-Jones et al 1983, Cardiac 
muscle), the dependence of either may perhaps, in some instances 
vary secondarily to changes in the other. Primarily however, 
Na+-H+ exchange which has been shown to be largely responsible
for p ^  recovery from
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acidosis in various cells maybe aided by other regulatory systems 
that control pHj (e.g. an uptake of protons by mitochondria - Ellis 
and MacLeod 1985 on Purkinje fibres). Moreover, recovery of tone 
(which could directly respond to altered 2Na-Ca2+ exchange) may 
depend on transm em brane Ca^+ transport. It was therefore 
necessary to investgate if the recovery of tone towards control after 
an acid - induced constriction is due to Na+-H+ exchange or 
2Na+-Ca^+ exchange, since both would reduce tone. The slowed 
recovery of vascular tone after acid - induced constriction in 
amiloride (-lO'^ M) may be due to inhibition of either of the cation 
exchange systems above, hence more specific amiloride analogues 
were employed to investgate tone - recovery in VSM.
Four categories of such analogues are
(i) Na+ channel blockers.
(ii) Na+-H+ exchange inhibitors.
(iii) 2Na+-Ca^+ exchange inhibitors.
(iv) Non - specific Na-H+ and 2Na+-Ca^+ exchange inhibitor.
In Table A each of the drugs have been designated with a symbol 
(A-G) with the details of the specific chemical nomenclature and 
an indication of which mode of ion transport is considered to be 
chiefly inhibited.
I have in this part of my work investigated dose - dependent 
(10 - 7  - lCT^M) effects not only on the adaptation of tone back to 
its initial value, after both intracellular alkalinization and 
acidification, but also those on mean (reference) tone. The control
medium in each case is 7.2 H2  PO4 ” - buffered Cl Ringer. The
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degree of retardation has been estimated relative to that of the 
control experiment for each drug, which is itself designated as 
100%. Note that this practice is different from that of the 
previous subsection and of Table E. The difference of presentation 
is due to the fact that the comparisons were made pairwise and 
each control itself adapted at a different rate from others.
"Na+ Channel Blockers" A. E. F fcf Table A) On Mean Tone
W hilst amiloride dose - dependently reduced vascular tone 
(highly significantly at the higher concentrations) only one of the 
three Na - channel blockers (E, the 6  - Bromo derivative) behaved 
strictly comparably. F (6 -iodo-) also decreased tone dose - 
dependently, but only after an initial increase with the 
introduction of the low doses of the drug. With A (6 -Flouro-) all 
four concentrations raised mean tone. It was absolutely dose - 
independent over the range studied, (Fig. 24 A, B and C).
On The Recovery From Alkaline Load
Recovery from NH4 + dilatation was slower than that of control
in all the concentrations of E, F and A employed. F appears to be 
m ost potent inhibitor and E the least (Table F).
Acid load.
Recovery was inhibited in the higher concentrations of F (10 
and 10-4 M) and E, (10“4 M). A showed the consistent effect.
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Log conc/tone for Amil. deriv.: E
2.0
1.5-
(n = 2)
1.0
0 .5 -
0.0
7 6 4 35
Log conc.
Log conc/tone for Amil. deriv.: F
2.0
1.5- (n  = 4)
NS
0.5-
0.0
347 6 5
Log conc.
c .  Log conc/tone for Amil. deriv.: A
2.0
NSNS NSoL.3<ncoau.
NS
CL
<0
>
1.0
(n = 8)•3<Doc 0.5-
0.0
45 367
Log conc.
Fig. 24A, B and C: Log co n c ./to n e  o f amiloride derivatives E, F  and  A: "Na+ 
channel blockers". A sterisks indicate significant difference from control 
(no drug). E  reduced tone dose-dependently, F  on ly after an  initial increase 
w ith introduction o f  the  low d oses. A  raised tone dose-dependently.
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T able F: o / o  - age recovery  ra tes from  NH4 + d ila ta tio n s a n d  w a sh o u t
co n str ic tio n s  o f  am ilorid e a n d  its  derivatives. +ve m e a n s  th e  ad ap ta tion  
ta k e s  (N -tim es) lo n ger  w h ile  -ve m e a n s it is  fa ster  th a n  th a t  o f  ind ividual 
con tro l (no drug) s itu a tio n s .
Retardation of adaptation rates from alkali/acid 
loads in amiloride/amil. derivatives
Dose Amiloride
Amiloride 
A E F B G
Derivative
D C
”Na+-channel" "Na+-H+" "2Na+-Ca2+* "Na+-H+2Na+-Ca2+“
Alkali load r
10~7M +187 +36 +73 +50 +23 -10 +47 +12
10'6M +210 +58 +37 +115 +13 +15 +28 +26
10'5M +215 +36 +12 +560 +183 +90 +156 +118
10'4M +270 +246 +90 +320 +65 +942 +2865 +265
Acid load
10‘7M +200 +76 +21 +53 +7 +7 -38 -22
10'6 M ■ +184 +134 +10 +30 oO + 24 . +100 +5
10’5M -17 -23 -44 +131 00 oO -42 +74
10'4M +324 -42 cO co cO co oO +194
-ve: enhancement 
+ve: retardation
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"Na+ - H+ Exchange Inhibitors" B & G on Mean Tone
Both B and G showed signs of raising tone at the lower 
concentrations. G, at higher concentrations caused tone to fall. 
Figs. 25 A and B.
On Recovery From: Alkaline Load.
Recovery from dilatation was slower than that of control
at the two higher concentrations (10"^, 10“4 M) of both B and G. 
With G, but not with B the effect was strictly dose - dependent.
Acid Load
Both B and G completely inhibited recovery from the acid 
constriction in all concentration except (0"7M for B and (10-7 , 
10"6 M) for G.
"2 Na^+ - Ca^+ Exchange Inhibitor" D on Mean Tone.
D dose - dependently caused tone to fall Fig. 26.
On The Recovery From: Alkaline Load
R ecovery from NH4 + dilatation w as retarded in an
approximately dose - dependent way, retardation at lCT^M being 
very powerful.
Acid Load
At 10"4 M inhibition was too powerful to analyse; At lower 
concentrations, the effects of D upon recovery from acid - induced 
constriction were inconsistent.
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Log conc/tone for Amil. deriv.: B
2.0
1.5-
1.0
(n = 2)
0 .5 -
0.0
7 -6 5 4 3
Log conc.
b . Log conc/tone for Amil. deriv.: G
2.0
1.5-
(n = 2)
1.0
0.5-
0.0
347 6 -5
Log conc.
Fig. 25A and B: Log conc./tone of amiloride derivatives B and G: "Na - H 
exchange inhibitors”. Both show signs of raising tone at the lower 
concentration. G reduced tone at the higher concentrations.
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Log conc/tone for Amil. deriv.: D
3«
<0
©
CL
©>
©cc
2.0
1.5- (n = 2)
1.0
0.5-
0.0
7 4 36 5
Log conc.
Fig. 26: Log conc./tone of amiloride derivative D: "2Na+ - Ca^+
exchange inhibitor". D reduced tone dose - dependently.
Log conc/tone for Amii. deriv.: C
3tnin
£
CL
©>
ja
©
DC
2.0
NSNSNS
NS
(n = 4)0.5-
0.0
3-4567
Log conc.
Fig. 27: Log conc./tone of amiloride derivative C: "Na+ - H+, 2Na+ -
Ca~+ exchange inhibitor". C had no significant effect on tone.
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^ ^ +-^H+l^ N a+_L_Ca2+ exchange inhibitor" C : On Mean Tone :
C had no significant effect on tone, (Fig. 27).
On The Recovery From : Alkali Load :
Recovery from the NH4 + dilatation was retarded dose - 
dependently, but not as powerfully at 10'4M as by G or D.
Acid Load :
There was inhibition of recovery rate at 10"® and 10"^M.
Effects of Amiloride on Mean Tone in Na+ Substituted Media 
(Li+ and High K+)
1 0 '^M amiloride reduced mean tone to about a third even 
when Na+ was totally replaced with Li+, (Fig. 28).
Ouabain On
Recovery From : NH4 + - Dilatations.
Recovery from NH4 + dilatation was generally a little slower 
than control, but not dose - dependently, Table G.
Washout Constriction
Ouabain powerfully retarded recovery from the acid induced 
constriction at all the concentrations employed Table G. There 
was no change in the degree of retardation with 1 0  ouabain at 
37°C (not tabulated).
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Amiloride (10-4M):effect on tone inNa., Li & K
(n = 7 )
■
Na-
Na Amil.
K- (140mM) 
K Amil. 
Lithium 
Li Amil.
substitutes.
Fig. 28: Amiloride: effect on tone in Na+, Lj+ and K+ (140mM).
10‘4M amiloride introduced in Na+ and Na+ substituted (Lj+ and K+)
^ 2 ^ 4  Ringer's reduced tone to about a third even in total Na+ substitution 
with Lj+. Asterisks indicate significant difference from control tone 
(normal Na+ Ringer's).
Retardation of Adaptation from Aikali/Acid Load in Ouabain
Dose
(M)
% in alkaline load 
(4 mins)
% in acid load 
(8 mins)
10'8 + 16 + 575
10-7 -5 +682
10’6 +53 + 828
10‘5 +85 +672
10'4 +67 +891
IQ’3 -5 +925
T a b le  G: o /o - a g e  reco v e ry  r a te s  from  N H ^4- d ila ta tio n  a n d  w a s h o u t
c o n s tr ic t io n  o f  d ifferen t o a u b a in  c o n c e n tr a t io n s  (1 0 - 8  - 1 0 ‘3 M). c f  ca p tio n  
to  ta b le  F .
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PART III
Ion Fluxes
Fig. 29A illustrates both efflux and content curves and the rate
quotients of a typical experiment in which four 3  mins. NH^+
pulses were applied to 36 qi _ loaded arterial preparations.
There was no significant change in the rate of 3 £>C1 efflux when
the arterial preparations were immersed in 30mM - NH4 CI
medium nor when they were subsequently washed in Ringer (7.2).
Thus neither intracellular alkalinization due to NH4 + application
nor acidification due to washout, had any significant influence on 
the outward movement of Cl".
Fig. 29B illustrates the results obtained when pH0  was varied. 
After loading in 36q i labelled H2  PO4 " - Ringer (7.2), the arterial 
preparations were sequentially washed in pH0's 7.2, 6.7 and 7.7. 
There was no significant effect on 3 £>C1 efflux when pH0  varied.
Tissues in both 29A and B were non-activated. NH4 + - pulses had
no greater effects, however, in other 3 6 Cl efflux experiments in 
which tissues were activated continously, throughout the efflux 
with 10"6M NA.
Fig. 29C is a typical result obtained with varied [K+]0 . After
loading in the normal control Ringer's (6 mM-K+), the tissues were 
washed sequentially in inactive control, O -K and in high - K+ 
Ringers. Yet again it will be seen that the ionic modifications were 
without significant effect on 36 c l efflux.
1 IS
36
Cl e f f l u x  (mixed a r t e r i a l  preparat ion)
Ringers NH(.+ Ringers
0.200
0 .175- e f f e c t
0.150-
0.125-
Efflux0 .100-
0.075-
0.050-
0.025-
0.000
50 ( m i n s )
6.7 7.7 6.7 7.7 7.2
e f f e c t0 .12-
0 . 10-
0.08-
a>4-» 0.06-cocc
0 .0 2 -
0.00
0K+
0.225
0 .200-
Varying [K ]
0.175-
0.150-
0.125-
0 .100-
0.075-
0.050-
0.025-
0.000
1 oo ( m i n s )
Fig. 29A, B and C: Log (efflux), log (tissue content) and rate quotients (RQ) 
plots o f  typical ^6 C1 w ashout experim ents performed on mixed arterial 
preparations. For clarity, in this and subsequent efflux curves ordinates are 
calibrated in  term s o f rate quotients (RQ) only, and only the lines linking 
count-points (not the points them selves) for the content curve are shown. 
S.G.'s o f  all cou n ts were not greater than one llne-width on the efflux plot.
A: NH4 + effects; B: pHQl C: effects o f varying [K+]0 . None of the three 
m edia m odifications significantly affect Cl efflux.
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45CaEfflux
Figs. 30 A & B show two typical sets of 4 ®Ca efflux, content and 
rate quotient curves when pHj's of mixed arterial preparations
were modified using the NH4 + pulses. Experiment A consisted of
four 3 min. NH4 + pulses applied to non-activated tissues while B
consisted of a long (15 mins.) pulse applied to a preparation
which was NA (~10“®M) - activated throughout the efflux. In both 
instances there was no significant influence on ^ C a  efflux by
either intracellular akalinization or acidification. - pulse
experiments done on preparations continously stimulated with 
high K+ produced similar results to those illustrated for a 
preparation activated by NA.
pH0  variations also produced no significant results, (Figs. 30C
and D). 'C' illustrates a typical result obtained with a mixed arterial 
preparation while D illustrates one obtained with aortic strips 
(used separately to reduce the m ass of individual experiments 
because of very high activity of the ^ C a  load solution). In each
case the tissues after loading in ^ C a  - labelled H2  PO4 ” - Ringer's
were washed in 7.2, 6.7 and 7.7 H2  PO4 ” - inactive Ringer's. Both
'C and D' show similar final rate quotients. In D it took a longer 
time for the RQ to settle down, probably due to the lower ratio of 
smooth muscle mass to connective tissue in the aorta. Yet again,
the experimental interactions (here pH0  changes) were without 
reproducible effect.
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NHq : H Ca e f f l u x  (mixed a r t e r i a l  p r e p a r a t i o n )
0 . 0 7 -
0 . 0 6 -
0 . 0 5 -
0 . 0 3 -
0 .02-
^  0 . 01 -  
S 0.00 __
I  0
cr
<D
ra 0 .0 8  •# B.
4 ^ 5 ,
50 (mins)+J
R in g er s 3O11M-NI-L Cl  R i n g e r s
0 . 0 7 -
0 . 0 6 -
0 . 0 5 -
0 . 02-
0 . 01-
0.00
Time (mins)
Fig. 3QA, B , C a n d  D: Log (efflux), lo g  (tissu e  content) an d  RQ p lots o f  typical 
4 ®Ca w a s h o u t  ex p er im en ts perform ed on  m ixed  arterial preparation A and B 
NH 4 " effec ts .
A: fo u r  3  m in s  NH4 " p u lses ; B: o n e  15 m in s NH4 +; C: pH0  effect and D: 
pH 0  e ffect o n  aortic  s tr ip s. T here w a s no sign ifican t Ca2+ efflux In 
any of these variations.
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pH0: ^Ca efflux (mixed ar te r ia l  preparation)
0.03
0 . 02 -
0.00
pHn: ^5Ca efflux (aortic strips)
0.07
0.06-
0.03-
0 . 0 2 -
0 . 0 1 -
0 . 0 0
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119
45Ca Uptake
Figs. 31 A, B and C are bar plots showing the pooled results of 
n = l l ,  19 and 13 4 ^Ca experiments respectively. In A pre - 
loading equilibration was in 0-Ca^+ Ringer and in B equilibration 
w as in normal Ringer's both non-activated. In A there was no
significant difference in 4 ^Ca uptake during the NH4 + - or post-
NH4 1* phases, relative to that in the pre-NH^"1- phase. By contrast 
in B there was significantly (P<0.05) less isotope uptake in the 
post-NH4 + phase.
Uptake was clearly more in all phases of the NH4 + cycle when
the tissu es had been equilibrated in 0-Ca^+ Ringer's instead of 
normal Ringer's.
Activation with NA significantly reduced 4 ^Ca uptake in both
the NH4 +-(P<0.01) and post-NH4 + (P<0.05) phases, relative to
that in the pre-NH4 +phase, (Fig. 32C). The reduction during
NH4 + was to a value only ju st greater than 1 / 2  of that during
p o st-N H 4 + phase. Note, however, that part of the contrast 
betw een th is resu lt and that in non-activated Ringer's - 
equilibrated tissue arises because the 'pre-NH^' uptake by the 
activated tissue is greater.
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A  Ca uptake:non  activated ,equilibrated  in OCa
0.0 2 - /
©
-S£
Q.
0.01 -
>
0.00
NH4 WashoutPre NH4
B . Ca uptake:non activated, equilibrated in normal r in g e r
0.02
CL
0.01 -
0.00
Pre NH4 NH4 Washout
Ca Uptake
c. Ca uptake:activated, equilibrated in normal ringer
0.0 2 * /
CL
0.01 -
0.00
WashoutPre NH4 NH4
Ca Uptake
Fig. 31A, B and C: Pooled p lots o f relative ^ C a  uptake of mixed arterial 
preparations. A: 11 experim ents In w hich tissu es were pre-equllibrated in 
0 -C a 2+ , n o t activated before ^®Ca loading. B: 19 experiments, 
non-activated and equilibrated In normal Ringer and C: 13 experim ents, NA 
(10'®M) activated equilibrated In normal Ringer's. Asteriks Indicate 
sign ificant uptake relative to pre-NH4 + phase. No signficant difference in
Ca2+ uptake during or p o s t  NH4 + phases in A. In B, there was
significantly le s s  uptake In post-NH 4 + - phase. In C, Ca2+ uptake was
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CHAPTER IV 
DISCUSSION
Dependence Of Tone On pH.
m o
During extracellular acidification vascular tone decreased and 
during extracellular alkalinization it increased; The only exception 
will be discussed at the end of this subsection. The physiogical 
advantages of the normal result were seen already by Gaskell 
(1880). They are that blood vessels will dilate to increase 
perfusion locally, during regional acidosis caused by production of
metabolites such as lactic acid or CO2 ; And they will also dilate
more generally to m aintain flow as the heart is weakened by 
systemic acidosis.
The mechanisms, however, of pHQ effects are still unclear, one
proposed mechanism is that H+ ions enter the cell and displace 
C a2+ from sites at which it activates contraction (Peiper et al 
1976; Duling, 1977). This Ca2+ - displacement mechanism is best 
demonstrated in skeletal and cardiac muscles [Fabiato and Fabiato, 
1978 b], in which the site of the Ca2+ ion's activation is, of course, 
troponin. In smooth m uscle, according to current views, the 
principal site of activation is calmodulin (Grand et al, 1979). 
Nevertheless, some evidence for a pH effect on the smooth muscle 
contractile proteins, parallel to that seen in striated muscle, has 
been put forward (Peiper et al 1976, Duling 1977, Mrwa et al 
1974). In the light of this evidence, it is relevant to draw early 
attention to the fundamental finding of this Thesis:
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That the overall effect of pH^-change in VSM is in the opposite
direction to that, reported by the above authors, on the isolated
contractile proteins. A possible machanism by which pHj actually
operates will be discussed later. Meanwhile, the finding itself 
excludes the proposal that the normal vasodilatory effect of 
extracellular acidity is mediated by protons which have entered 
the smooth muscle cells. The argument is developed below.
In this connection, it is interesting that several observations 
appear to exclude the involvement of just one mechanism, even for
the striated - m uscle instances; for example when pH0  w as
altered by changes in external CO2  in mammalian cardiac cells
(Ellis & Thomas, 1976a) and mouse soleus m uscle (Aicken &
Thomas, 1977), the resulting pHj changes were monophasic yet
the changes in tension they generated were biphasic (Fry & 
Poole-Wilson, 1981); And even though intact skeletal muscle is
less sensitive than cardiac muscle to pH0  changes (Pannier, Weyne
& Lensen; 1970) the Ca2+ sensitivity of the contractile proteins 
was highly affected by pH (Fabiato and Fabiato, 1978 a and b).
In my own, vascular experiments, pH0  sensitivity increased 
with increasing [Ca2 + ] 0  up to 1.5mM-Ca2+ and then fell with 
further increasing [Ca2 + ] 0  (Fig. 19C); So the mechanism of pH0
action appears to depend on [Ca2+]0- The effect of Ca2 + 0  itself on 
tone is illustrated in Fig. 7A. Tone increased with increasing 
[Ca2+]0.
123
The results illustrated in Fig. 29B and 30C and D provided no 
evidence that either Cl" or Ca^+ efflux is responsible for the
fundam ental pH0  effects. It would have been interesting to study
the effects of pH0  on ^ C a  uptake, but time did not allow this.
The results obtained in Hepes - buffered PhSOg" Ringer's 
indicates an anion - dependence not merely of the magnitude of 
the pH0  effect (McLellan et al, 1974) but of it's direction. Hepes 
probably penetrates or seeps slowly into the cell in both Cl" and 
PI1 SO 3 -. But since in Cl" solutions the extracellular pH (acid 
dilatation) dominates, there is little indication of the buffer entiy. 
In PI1SO3 ", however, the residual pH0  mechanism is too weak to
counteract, the consequences of pHj change. These consequences
have been extensively documented in the main part of this Thesis. 
Meanwhile it is necessary to point out that the opposing buffer -
dependent effects of pH0  - change in PI1SO3 ” are explicable in the
above terms only if H2  PO4 - buffer penetrates VSM cells less than
Hepes. The latter molecule is much larger but might have lipid 
solubility, or carrier affinity. So the suggestion, though speculative, 
does not seem impossible.
P iii
The effect of replacing a nominally bicarbonate - free medium 
with one containing CO2 /HCO3 ” is intracellular acidosis. Now the 
tone - responses obtained when CO2 /HCO3 " replaced phosphate
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buffer were sim ilar to those obtained in P hS 0 3 7 H ep es m edia i.e.
increase in  tone w ith lowered pH. They were also sim ilar to those 
of Pickard and colleagues (e.g. 1976), when, starting with a
low - molarity CO2 /HCO 3 '  buffer they raised both [HCO3 "] and P c o 2
together, and  so lowered pHj w ithout altering pH0. However, as
th e  e a rlie r  a u th o rs  po in ted  ou t, in  C0 2 /H C C > 3 “ - based  
experim ents, the  possibility  can n o t be excluded th a t  direct 
m olecular interactions of CO2  a t intracellular sites account for the
increase in tone observed when PCO2  is elevated.
The o ther m ethod of pHj modification is th a t of the "NH4 +
pulse" techique. The fundam ental NH4 + pulse resu lt is a decrease
in  tone w hen the  inside of the cell is driven alkaline by NH4 +
ap p lica tio n  an d  an  increase  w hen it is driven acid by the 
subsequen t removal. Intracellular acidification therefore produces
sim ilar re su lts  to those w hen CO2 /H C O 3 " replaced H2  POq”-
However they were opposite to those produced in cardiac muscle
in  re sp o n se  to pHj changes or th o se  p roduced  by pH 0
m odifications in  b o th  card iac and  (with the  single exception 
d iscu ssed  above) vascu la r sm ooth m uscle. The fact th a t the
changes in  produced by the  NH4 + - m ethod are in the
direction  im plied above w as confirmed by Spurw ay and Wray 
(1987 ) using the N.M.R. technique.
Even given th a t the pHj behaviour is w hat had been assumed,
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the changes in tone due to the application and withdrawal of 
NH 4 + 2*re n °t fact total proofs of an intracellularly mediated 
mechanism. It can be argued that these results may actually be 
m ediated through pH0  effects, for when NH3  enters the cell it
m ust briefly leave the extracellular medium acid and when NH3
leaves it m ust drive the external medium briefly alkaline. The time 
courses of the changes in tone however argue against this
m echanism , as they are similar to those of pHi in VSM itself
(Spurway & Wray, 1987) and also in squid giant axons (Boron & De 
Weer 1976a), mouse soleus muscle (Aicken & Thomas 1977) and 
in snail neurons (Thomas 1984). pHo would vary in the opposite 
direction to these but not on the same time - course. The 
difference arises because the extracellular space was not a 
confined volume but was being constantly renewed. Therefore
the pH0  displacement would have been greatest when NH3  was
leaving or entering the ECS fastest, and would have declined to
zero again when pHi levelled off at its maximum or minimum: i.e.
the pH0  change would have been effectively the differential of the
pH^ change and so several times more rapid than the tone -
responses observed.
My experiments on the effects of identical NH4 + pulses in
different molarities of external buffer point to the same conclusion. 
Hepes was used, in case the molarity had to be raised sufficiently
for interactions with Ca2+ to become a problem in H2  PO4 ". The
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principle  underlying the experim ents was th a t the pH 0  changes
would be bigger, and last longer in low capacity buffers. In fact the 
re sp o n se s  w ere slow er and  a  decrease  in  ex te rna l buffer
concentra tion  decreased the m agnitude of the response to NH^+
w ashou t. T hus the possibility th a t the changes in  tone due to
N H 4 + app lication  and  its  w ithdraw al m ight be m ediated by
changes in pH0  is eliminated.
At th is point it is appropiate to take stock and say th a t if the
a p p aren t in tracellu lar pH actions are no t due to antiphase pH0
changes, th en  they  really are in tracellu lar, and  really are pH 
actions opposite in direction to those of extracellular pH. These 
are the  grounds upon which the assum ption  previously made by 
som e au th o rs  (cf pp 5 and 1 2 1  above) th a t the site of
action of pH 0  is intracellular, brought about by the follow-up drift
of pH | occurring in m ost buffers, m ust be considered incorrect.
In fact other experiments described in th is Thesis suggest that
any in teraction  between pH0  and pHj is very modest. Typically in
an  externally alkaline media the dilatations induced by intracellular 
a lkalin isation  were larger, w ith the recovery from them  retarded 
(Fig. 20E). The acid - induced constrictions were reduced and the 
recovery from them  enhanced. The reverse was the case in an
acid ic  pH 0 . At first sight, these resu lts  m ight suggest th a t 
n o n -n eu tra l pH0’s favoured pHt changes in the sam e direction. 
One m u st recall however, th a t starting tone in an alkaline pH 0  was
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higher than in an acid one. I shall demonstrate in the next 
subsection that this difference of starting tone was itself sufficient
to ensure that the relaxations obtained in alkaline pH0 would be
larger, with slower recoveries and smaller overshoots, than those 
in acid media - and that the washout constrictions should behave 
conversely.
Relationship Of Starting Tone To NH^+ Dilatation and washout 
constriction
R eplacing Cl" with PhSOg" and different smaller anions
(Cameron 1985, Cameron and Spurway 1985) raised mean tone
but enhanced NH4 + relaxation while reducing the washout
constrictions. On the other hand 12-K+ and 0-Ca^+ both lowered
m ean tone and reduced the NH4 + dilatation while greatly
enhancing the washout constriction. In simultaneously 0-Ca^+ and 
0-K + , m etabolically inhibited and also in the non-activated 
preparations mean tone was sometimes so low as to prevent
further dilation with NH4 +, allowing only the washout constriction,
(Fig. 8). The results obtained with amiloride (decreased mean
tone, reduced NH4 + dilatation and enhanced w ashout
constriction:) are comparable to those discussed above. So are the
effects of pH0 on the NH4 + response (last subsection). Although
there was inevitably a large biological variation in the tones of the 
arterial preparations, the facts just, collected - all of which are 
based on comparisons of at least two conditions within an
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individual preparation, give use to the generalization that the 
ratio of the NH4 + dilatation to the washout constriction,
NH4 + dilatation increases with starting tone.
Washout constriction
This relationship between the starting tone and the NH4 +
effects can be explained in terms of a typical activation curve (Fig.
32). If one assum es that a change in pHj alters relative Ca2+
availability within the VSM by a fraction which does not depend 
greatly on the starting value (For diagramatic purposes, does not
depend on it at all), then pH  ^ effect on tone will depend on the
starting value, in the way observed. With a small degree of or no
activation, starting tone is small therefore NH4 + relaxation is
small, with fast spontaneous recovery and a big overshoot on 
washout. On the other hand, with a high degree of activation
starting tone is large therefore NH4 + relaxation is enhanced with
slower recovery and smaller overshoot on washout. In Table H are 
a list of various experimental conditions that either increase or 
decrease starting tone in which the above generalization applies. 
Note that this hypothesis represented in Fig. 32 implies that
intracellular acidification increases available [Ca2+]i This concept
will be elaborated below.
7 -, Vessel
tone
For same ApCaj 
shape of  tone 
response must vary 
with a c t i v a t i o n  
level
9 8 7 6 5 4
Fig. 32: D iagram atic  in terp retation  o f  the d ep en d en ce o f  NH 4 + -
d ila ta tio n  a n d  w a sh o u t  con str ic tio n  u p o n  m ea n  tone; vascu la r  tone a ga in st  
pC aj a n d  pNA. pCaj rep resen ts activation  (variously); 'pNA' (log con c. o f NA)
th a t  w o u ld  p rod u ce th e  eq u iva len t pC a^+ in  norm al Ringer's. Arrows 
in d ica te  th e  effec ts  o f  CaP,+ e x cu rs io n s  (presu m ab ly  in d uced  b y  entry) and  
su b s e q u e n t  w a s h o u t  o f  NH 3 ) o n  d ifferent sta rtin g  va lu es. E x cu rsio n s to the
le ft (NH4 + ap p lication) a n d  right (w ashout) are ch o sen  to give sim ilar
a m p litu d es  o f  ch a n g e  In tone in  th e  tw o d irection s in 10'^M  - NA. The  
sa m e  e x c u r s io n s  w ill g ive u n eq u a l ch a n g e s  in  to n e  a t o ther startin g  po in ts on  
th e  activa tion  curve.
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Table H: List of experimental conditions that would reduce (X) or
raise (A) mean tone (M.T.) and satisfy the sigmoid curve (cf Fig. 32) 
generalisation.
Experimental variation Activation point on 
sigmoid curve
Low (f M.T.) High (| M.T.)
O - K+, O - Ca2+ t
Non activated preparations *Acid pH0medium ♦Alkaline pH0 medium I
Cl- substitution with PHSO3"
Na+ substitution with K+ kI
sucrose i
choline i
lithium 1 t
0  - Ca2+ t
Application of amiloride 1
High K+ (30, 50mM) + NA T ♦
12 -K+ ♦
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Which Cells Are The Loci Of Action Of NH^+ Induced pHj 
Changes?
It is assumed in other sections of this Thesis (including the one
immediately above) that the site of action of pH| is the smooth
m uscle cytoplasm. In the present subsection arguments will be 
given to justify this, by showing that the site is not neural and 
probably not endothelial.
Exogenous activators such as noradrenaline and high potassium
greatly accentuate the NH4 + phenomena and therefore virtually
eliminate the possibility that they might depend on variations in 
vasom otor activation. The results obtained with chemically 
sympathectomised preparations support this view; The 10-fold 
increase in sensitivity to noradrenaline of the OH - dopaminised 
anim als is indicative of a substantial degree of functional
denervation. Yet in these groups of animals the responses to NH4 +
and its withdrawal were not detectably changed.
The resu lts obtained with Hb, MeB and dist. H2 O in
investigating the possibility that the NH4 + effects depend on the
endothelium  - derived relaxing factor (E.D.R.F.) were less 
conclusive. However, those with MeB suggest firmly that the
NH4 + effects do not depend on E.D.R.F. Therefore the results
obtained with dist. H2 O and to a lesser extent those with Hb (very
old stock) may be taken to indicate that endothelial and direct 
muscular responses are not as easily separated by these agents in 
the vascular bed of the rabbit ear as in the aortae used by Furchgott 
et al (1985). The aorta, unfortunately was the least susceptible to
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NH4+ of the variety of blood vessels studied by Taggart (1986) who 
performed similar NH4+ experiments to my own but on a variety of
other blood vessels. Therefore NH4+ experiments in a preparation
which E.D.R.F. - dependent m achanism s can be more clearly 
separated do not seem likely to be easy. Nevertheless, in the light 
of the results obtained with MeB, a reasonable assumption is that
the site of action of pHj upon vascular tone is neither nerve nor
endothelium but the smooth muscle cell itself.
Within V.S.M. Cells. Where Does pH Act?
It cannot be at cell - surface NA receptor site that NH4 + acts,
since there was a full response also in K+ - activated [O-NAJ 
vessels, and at the appropiate part of the response in non - 
activated ones.
A further conclusion from the results in this Thesis is that the
critical pH  ^ action which produces the NH4 + effects is not an
action on the plasma membrane permeability or potential. If it was
dependent on these two, the basic NH4 + effects would not have
been only quantitatively but also qualitatively different in the wide 
variety of membrane active agents employed, and compared with 
norm al R inger's. These agents include, K+ (various 
concentrations), Li+ and choline; permeant 'lyotropic' (Cameron
& Spurway 1985) and impermeant very weakly lyotropic (PhSOg )
anions; Sucrose, in which over 90% of the total ions were
d isp laced  - all agen ts listed  rep resen tin g  different k inds of 
p e rm eab ility - and  p o ten tia l-m o d ifie rs . S uch  quan tita tive  
differences a s  these  various substitu tions caused, in the relative
m agnitudes of NH4+ - dilatation and w ashout constriction phases,
could all be adequatly  accounted for in term s of the shifts; They
caused  in  the  degree of background, pre-NH4 + activation; They
did n o t give reason  to th in k  th a t the  pH^ effect itself was a 
m em brane one.
Despite W ahlstrom 's (1973-4) evidence th a t a major part of
the  response  to NA consisted in an  increase of Pq j , the results
illu stra ted  in  Fig. 29 provided no evidence th a t Cl" flux or Cl" - 
dependen t K+ flux is responsible for the fundam ental pH effects.
PQa^ + does not look as though it is changing either (otherwise one 
w ould expect ^ C a  efflux to respond to pHj). Additionally the 
p o ss ib ility  th a t  pHj m ight m odulate  tone via an  action on
m etabolism  is excluded. The NH4 + efects were not altered by
hypoxia or hyperoxia. However, Namm & Zucker (1973); and Coburn 
et al, (1979) have show n th a t rabb it blood vessels can draw 
sufficient energy from store for contraction during anoxia. Perhaps 
therefore the  more telling finding is th a t the severe metabolic 
in h ib itio n  p roduced  by 3mM CN" and ImM F produced no
alterations in the  relative tone effects of NH4+ application and it's
subsequen t w ithdrawal (Fig. 14), except the small reduction of the 
d ilatation/constriction ratio which was to be expected on the basis
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of d im in ish ed  m ean  tone. T here a re  signs th a t  [Ca^ + ]^  
is responding to pHj. The 0-CaP,+ equilibration, followed by only 3
m ins. ^ C a  loading, is bound to give m uch less striking NH4 + -
dependent differences (Fig. 31 A) because m uch of the 3 mins. will 
be taken  up with reloading of the ECS with ^ C a .  However, there
is decreased  u p tak e  during  NH4 + w ashout. This could be
attribu ted  to the cells having higher free [Ca^+]j during this phase.
In NA - activated tissues, [Ca^+]^  (ionised calcium, free in the cyto­
plasm) should be higher a t all phases th an  it w as in the above 
s itu a tio n s . So any  g rea ter cellu lar u p tak es  m u st be onto 
in tracellu lar stores. In the non - activated tissues, there is less 
complication due to exchange with intracellular stores of unionized 
C a2+ going on throughout the 3 m ins. A tentative explanation of 
m y resu lts  with NA - activated tissues (Fig. 31C) (in which uptake
w as greatly reduced in both the NH4+ - and post NH4+ - phases) is
th a t the passage of ^ C a  through cytoplasm onto those stores was
optim al a t norm al pH^ At high pHj these stores would not have
released m uch unlabelled Ca^+, so would take up little ^ C a .  At
low pH^ they would have little affinity for any C a^+ labelled or
otherw ise. (Such an hypothesis has the m erit th a t it could be 
checked by investigating the effects of pH on ^ C a  uptake by 
isolated sm ooth - m uscle microsomes.) My 4 ^C a experim ents 
while far from conclusive, do therefore appear compatible with the
0 -4-concept th a t a  change in pH| induces a change in [Ca J^ .
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Proposed Intracellular Loci of H+- Ca2+ Interaction
C hanges in  pHj can  a lter [Ca2+|  (Bers &Ellis 1982) and vice
versa  (Vaughan - Jo n es et al 1983), due probably to the fact tha t 
C a ^ + and H+ bo th  share  and compete for common intracellular 
buffering sites (Meech & Thomas 1977).
In trace llu la r  H+ can displace C a^+i from all binding sites,
therefore  th e  effect of in trace llu lar H+j on tone would most
certainly depend on the dom inant site. As discussed earlier (pp- 
5 , 1 2 /) a  d isplacem ent from (1 ) the myofibrils them selves would 
ten d  to decrease  tone. However, (2) d isp lacem ents from the 
sequestering sites e.g. m itochondria, sarcoplasm ic reticulum  (S.R.) 
and  inner surface of p lasm a m em brane would all tend to raise 
tone. Both (1) and (2) m ust occur in parallel in the various muscle 
types, though (1) has been better documented; Smooth, (Mrwa et 
al, 1974) or bo th  classes of striated  m uscle (Fabiato & Fabiato, 
1978). Since in trace llu la r acidification reduces the  force of 
contraction generated by in tact skeletal (Pannier et al 1970; Curtin 
& Rawlinson, 1984;) and cardiac (Pannier & Leusen, 1968; Allen
& O rchard, 1983), fibres, the predom inant displacem ent of Ca2^
w ould be considered  to be from the  myofibrils. Both the 
m yofib rils  a n d  th e  C a 2  + -re g u la tio n  of sm oo th  m uscle  
force-generation is chiefly via calmodulin and myosin light chain 
kinase (MLCK) bringing about phosphorylation of MLC's - not Ca2+ 
detecting th in  filam ents. Ca2+ stores of sm ooth m uscle 
respond  orders of m agnitude more strongly to 2 nd m essengers 
(released by m em brane actions of NA etc) than  those of cardiac
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cells, let alone skeletal. However the results I have obtained in the 
vascu la r p reparations studied  would be readily explicable if, in 
th ese  cells (2) above predom inated. So m y suggestion is th a t
[Ca^+]i is increased by an  acidic pH^, so m uch th a t the calmodulin
b in d s m ore C a^+, inspite  of it's reduced affinity; the ultim ate 
consequences being greater m yosin phosphorylation and higher 
tone no t lower.
In skeletal m uscle, Ca^+  ^ release is supram axim al, therefore a
m echan ism  equivalent to th a t of (2 ) above could not possibly 
operate in  normally activated skeletal m uscle. On the other hand, 
card iac  m uscle exhibits the  two conflicting effects, though the 
opposite one from th a t of the vascu lar sm ooth m uscle normally 
predom inates. Gesser (1984) h as also observed th a t fish heart
increased  its contractility a t a  high pCO^ in o^w l^a 2 + ]0  and
hypoxia, w hich ind ica tes  th a t  even in  card iac  m uscle two 
conflicting m echanism s exist. By contrast in frog blood vessels the
N H 4 + effects were opposite to those in VSM and were in the 
sam e direction as pH0  (Fig. 17).
Experim ental Details
The responses to C 0 2 were relatively slower th an  those to
NH4+. The reason for this m ay lie in the occurrence of a period of
equilibration of the Pq o ^  t )etween the perfusing solution and the
polythene tubing, about a metre in length, which lay between the 
gassed reservoir and the preparations. It seems likely that this
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equ ilib ra tion  p rocess would la s t m any tim es longer th a n  any 
equivalent for NH3
Most of the experim ents were carried ou t a t room tem perature,
however there need be no thought th a t pH effects on tone occur
only  a t  subphysio logical tem p era tu re s  since (a) a  series of 
experim ents carried  ou t a t  3 7 °C did no t a lter these basic pH 
effects (Fig. 16) on tone qualitatively, (b) the  rabb it's  ear (which 
functions as a cooling apparatus) m ain tains vascular control a t 
considerably lower tem perature th an  room tem perature. The ear 
a r te ry  h a s  a lm ost id en tica l sen sitiv ity  to catecho lam ines 
th ro u g h o u t the  te m p e ra tu re  range  3 7 ° -2 0 ° C  and  re ta in s 
detectable sensitivity even a t 5°C. (Glover et al 1967).
In considering  the  re la tionsh ip  betw een v ascu la r sm ooth 
m uscle tone and vascular wall tone the possible influence of the 
connective tis su e  m u st n o t be overlooked. However, in the 
m u scu la r arteries and  arterioles which are the m ain source of 
res is tan ce  in the  p reparations studied , it is probable th a t the 
connective tissue  contribution becomes significant only when the 
sm ooth m uscle tone itself is lowest. This might be an alternative 
ex p lan a tio n  to th a t  rep re sen ted  in  Fig. 32, for the  weak
resp o n siv en ess to NH4 + application  of non-activated  (O-NA)
preparations (Fig. 4). Most probably, both factors contribute.
The la te  overshoo t or u n d e rsh o o t observed  in  som e 
experim ents best described in  term s of resu lts typically obtained
w ith long (10-20mins) NH4+ pulses, are perhaps not obviously
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exp licab le . A likely explanation  however is th a t  m em brane 
d is trib u tio n  ratio  of NH4+ can only come to equilibrium  when it
equals th a t  of K+. So more NH4+ will enter in phase A of (Fig. VI) 
and  be available to leave in B, than  was required to neutralize the 
N H 3  concentra tions required (cf p. (0 )• Thus during phase A
N H 4 + e n try  d isp laces in tra ce llu la r  K+ - w ith consequen t
depolarizing, and  therefore tone - enhancing, effect on the cell. In 
addition, analogies from other tissues m ake it alm ost certain th a t
th e  p resence  of NH4 + icns reduces from its  norm al value
(H agiw ara & T akahaski 1974, Zeiske & Van D riessche, 1983).
This would be a further depolarizing influence as [N H ^  builds up.
A reinforcing feature of th is explanation, for the tendency of tone
n o t m erely NH4 +, is th a t the overshoot effects ought to be both
m ore m arked and more rapid when tone is itself K+- induced than  
w hen  it depends predominantly on K+ - activated preparations.
Relevance of pHj for Vascular Control
The effect of acidosis is of param ount im portance in the brain 
su m m arised  by Severinghaus (1968): "The arterio lar sm ooth
m uscle taste  their extracellular fluid pH and pucker up when is not 
so u r enough." Several vascular beds, notably not only the cerebral 
(see also Kontos, 1981) b u t probably also the coronaiy (Case &
G reenberg , 1976) are dilated by C 0 2 . However it's  effect on
skeletal m uscle blood flow is small in m am m als (Sparks & Belloni,
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1978) despite the fact that Gaskell (1880) first observed dilater 
effects of extracellular acidity in skeletal m uscle beds of frogs. On
the other hand vasoconstrictive effects of CO2  have actually been
reported in the extracranial vessels of the head (Hachinski, et al 
1981) and in denervated vessels of bat’s wing (which depend only 
on the chem ical responses of the sm ooth m uscle), [Harris, et al
1976], By contrast, CO2  dilated innervated bat wings. Kontos, et
al (1977) have shown, by pooling their own results with those of 
others, that in the cerebral circulation itself, a given reduction of
pH 0  produced greater dilatation when [HC0 3 _] 0  was lowered than  
when Pqq^ was elevated.
The concept of pHA and pH0  affecting tone oppositely seem s
potentia lly  applicable to all the ca ses  d iscu ssed  above w ith  
perhaps, the conflicting actions having different potencies in  
different s ite s /sp e c ie s . However, only a careful com parison of
[HCO3 "] - variation with P c o * ” variation, conducted within a single
laboratory, will prove the relevance of this concept to physiological 
control of blood flow in intact animals.
pH  ^ Hom eostasis
Most studies of the m echanism s involved in the regulation of 
pHj have been carried out only during recoveries from acid loads.
One advantage of the NH4 + pulse technique over that of CO2  as an
experimental tool is the convenience with which pHj regulation
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can be studied after both intracellular alkalinization and 
acidification.
Recovery From Alkaline Load
None of the substitutes for Na+ alone (Table E) significantly 
retarded the recovery of tone from the alkali - induced relaxation. 
Sucrose did retard it but sucrose substitutes for Cl" as well as Na+. 
This suggests that the main mechanism of tone - adaptation after
NH4 + entiy is anion exchange.
In contrast to the effects of the Na+ substitutes, replacement of
Cl" with impermeant PI1SO3 ", substitution of HCO3 " for H2  PO4 "
and the application of S.I.T.S. or amiloride all clearly retarded the 
recovery from alkali - induced relaxation. These results, with the 
exception of that involving amiloride, suggest the involvement of a
Cl" -HCO3 " exchange system in the adjustment of tone from an
intracellular alkali - induced relaxation. The results with amiloride 
may indicate that Em also influences this recovery. Among the
many actions attributed to this drug, one is that it decreases Pp^ a
(e.g. by blocking specific Na - channels in isolated distal nephron 
segments: Stoner 1979). A hyperpolarizing effect due to amiloride
decreasing PNa would impede recovery of tone. No other
recognized effect of amiloride would act in this direction.
Amiloride in a HCO3 " - buffered medium infinitely inhibited
recovery - an indication of additive influences of anion exchange 
and the presumed hyperpolarization. The reduction of adaptation -
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rate increased with increasing [HCO~]0, thus a IHCC^I* /  [HC03 "]0
gradient appears to act to retard recovery when it is low and vice 
versa when it is high.
The Cl - HCO3 " exchange appears to control tone by regulating 
intracellular pH. An inhibition of this exchange would result in 
the accumulation of HCOg^ and therefore an increase in pHj. This
would occur even in the HCO3 ” - free media, due to metabolic
production of C 0 2  (Aicken & Brading 1983). S.I.T.S. the anion
exchange inhibitor, applied in H2 PO 4 " - buffering medium,
perm itted 7% recovery of tone. The fact that this was
indistinguishable from the recovery in the HCC>3 “ - buffered
medium (Table E) is assumed to be a coincidence.
K+ on the other hand actually accelerated recovery rate. In 
preparations activated purely with K+ , tone recovered and
overshot reference value during the NH4+ phase (Fig. 3). This was
the case also when starting tone was very low (O-NA) or when the
NH4+ phase was long. Now, since pHj could not possibly recover
to overshoot its control level while NH4 + was still present, the
adaptation of tone may depend,in addition to anion exchanges, on 
plasma membrane permeability or potential. Depolarization could
result from three sorts of NH4 4" - K4" competitions. These include
(1) an intracellular displacement of K+j by NH4 + resulting in a 
decreased equilibrium potential for K+ (EK) due to a decreased
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IK+ ] 0  f  l^+lr (2) NH4+ equilibrium potential (EN^ +) can never be
as negative inside as resting EK since [NH4 + ] 0  is more (30mM)
than [K+ ] 0  (6 mM). (3) P]\jfj+ itself is less than Pj ,^ (Hagiwara &
Takahashi 1974; Zeiske & Van Driessche, 1983). It is also probable
that NH4 + would decrease Pj .^ Both these factors would allow
N a + gradient to exert a greater depolarizing influece on the 
membrane. All of m echanism s (l)-(3) would be most relevent 
when K+ - depolarization was the only activating influence on the 
preparation.
Recovery was also faster in ouabain. Ouabain inhibits the Na+ 
pump and therefore could influence tone by influencing either pHj 
or Em or both. The Em effects would simply be depolarization due 
to cessation of hyperpolarizing electrogenesis and decreased [K4^ .
The pH| effects will act via a reduction of H+ extrusion; if a
significant rate of Na+-H+ exchange is maintained even in an 
alkaline cell; this would otherwise have competed with and slowed
the effect of HCO3 "- Cl" exchange in bailing out alkali load.
Therefore decreased  proton extrusion  would allow H+ 
accum ulation  to act in paralled with alkaline extrusion, 
re-acidifying the cell faster.
The further mechanism which Aicken and Brading (1982) felt 
it necessary to postulate to explain certain complex phenomena in
their experiments, namely Cl0” - dependent Cl transport, does
not seem to be required for an understanding of the results
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described in this Thesis.
Cl' - HCO3 ' exchange therefore seems to play a major role in
pHj modifications of vascular tone by m eans of elimination of 
alkaline load.
Acid Load.
All the Na+ substitutes except Li+ retarded the recovery of tone 
from the acid - induced constrictions, an indication that Na+ influx 
is normally involved in the extrusion of excess protons. On the 
other hand, when Li+ substituted Na+, recovery was actually 
accelerated. Thus the effects of cations upon proton extrusion - 
rates appears to correlate with anhydrous radius, suggesting that 
Li+ entry drives out protons more rapidily than Na+ entry, but 
larger cations drive them out more slowly if at all. Li+ also 
increases resting tone in this preparation (Fig. 10) as in others. 
This effect is widely attributed to Li+ being able to enter the cell 
rapidly ( Van Breeman et al, 1973) but not being extruded by the 
Na+ pump [by anology with that of frog skeletal muscles (Keynes & 
Swan 1959). K+ being consequently displaced, the cells, it is 
argued are depolarised and therefore contract. Ellis and MacLeod,
(1985) found Li+ a fairly good substitute for Na+ in sheep purkinje 
fibre cation - H"*" exchange. But Aickin and Thomas (1977) found it 
barely able to drive out H+ at all from mouse soleus. So it looks as 
though there is a sequence of efficacies for Lithium's replacements 
of Na+ on the exchanger - skeletal muscle < cardiac muscle < 
vascular smooth muscle.
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The effect of sucrose is not surprising. It reduces both Cl0‘ and 
Na0+ , therefore effectively eliminating both cation - and anion - 
dependent mechanisms of pHj compensation.
Amiloride almost completely blocked the recovery of tone from 
the acid constriction. Amiloride is known to inhibit Na+ - H+ 
exchange. It is quite clear from the Na+ substitutions in other
tissues which could be studied with p]^a+ and pQa2 + electrodes.
(Thomas, 1984; Aicken, 1986), that Na+ very generally exchanges
for H+ in pH  ^ regulation. Thus the most tempting account of the
mechanism of tone - reduction in vascular smooth muscle, after an 
acid - load constriction is that H+ ions are driven out by a Na+-H+ 
antiporter which is inhibited by large cations and by amiloride, but 
driven faster than normal by Li+. However, in experiments such as 
described here, where it is tone that is directly observed, the 
possible involvement of 2Na+ - Ca2+ exchange should not be 
overlooked. Evidence for a similar mechanism in Purkinje fibres 
has been given by Bers & Ellis (1982); Ellis & McLeod (1985). I 
have proposed the model that the increase in tone due to 
intracellular acidification results from the displacement of calcium 
ions by protons from intracellular storage sites. According to this 
approach, the alternative interpretation of the relaxation,
subsequent to an initial NH4 + - withdrawal constriction, is that
Ca2+ itself is extruded in exchange for Na+ entry. This cannot be 
excluded by the above results, therefore more specific amiloride 
analogues were employed ( see below).
146
Anionic Effect
PhSO g- substitution for Cl", replacement of H2 P 0 4 " - buffer
with HCO3 -, 311(1 S.I.T.S. in both H2 P 0 4 " and HCO3 " media all 
retarded recovery rate after acid load, (Table E); the greatest 
retardation being when Cl"0  was totally removed. This suggests
that acid extrusion or neutralization may also depend on HCO3 ' 
and Cl". Russell and Boron (1976) concluded from experiments 
with dialysed squid axon that pHj recovery from acidification only
occured in the presence of Clj” and HCO3 ". Thomas (1977) has
also shown this in snail neurones; in addition, there is in these 
cells a reduction of intracellular Cl" activity during acid extrusion, 
the reduction being inhibited by S.I.T.S. (Russell, 1978). An
exchange of Cl" for HCC>3 ~ would increase [HC0 3 ~]i and therefore
neutralization of the excess protons accumulated during the
acidification process and therefore raise pHj. In vascular muscle,
the resulting effect on tone should then be an accelerated
reduction of tone after the acid constriction. But in fact HCC>3 "
retarded recovery of tone as did S.I.T.S. Thus the snail - neurone 
m echanism  cannot be operating in vascular muscle. A possible 
alternative recalls the notion proposed some time ago by Spurway 
to explain extracellular pH effects - namely, that K+ passes through 
the membrane in some degree of association with Cl . Conceivably
PI1SO3 ", S.I.T.S. or even 25mM HCO3 ', by reducing the amount of
Cl~ that is passing into the cell or just dwelling in the membrane,
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in turn retard the K*** entry which would otherwise be occurring as
NH4 + moved out. With [K+]i not rising at the normal rate, any Em
component of the washout tone - enhancement would last longer 
than in control conditions. Additionally, or alternatively, it seems 
ju st as probable that intra - membrane 0 1 “ should be necessary for
the normal rate of NH4 + flux - although there is no evidence for
such a mechanism. If it did apply, pHj itself would stay low longer
when there was less Cl" in the membrane.
In summary of the last two sections, it seems permissible to
say that the regulation of pHj, and therefore of vascular tone in
circum stances such as those ju st described, depends on the 
m ovem ent of both anions and cations accross the cellular
membrane. Anion exchange (Cl'-HCOg") predominates when pHj
is high and cation (probably Na+-H+) exchange predominates at
low pHj. After an alkali (NH4+)- induced relaxation, restoration of
vascular tone is explicable by pH  ^ regulation brought about by
HCO 3 " efflux in exchange for Cl' influx. After an acid (NH4 +
withdrawal) - induced constriction, reduction of vascular tone is 
explicable principally by the loss of protons. Changes of membrane 
potential, and perhaps of buffering, associated with the movements
of K+ and NH4 +, may occur in parallel with the changing rates of
antiportation, quantification of which will indicate any other 
significant qualitative influences. The results with amiloride and 
its analogues provide some answer to this.
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Amiloride And Its Analogues
Before discussing further the influence of these groups of drugs 
on pH| hom eostasis, it is neccessary to discuss their effect on
m ean tone. These drugs exhibit concentration - dependent 
vasodilatory and vasoconstrictory effects. All except amiloride and 
the derivative regarded as a 2Na+ - Ca2+ exchange inhibitor, D, 
raised mean tone when applied in low concentrations. The "Na+ 
channel blocker", A, raised mean tone even at 10_4M. Both 
amiloride and D lowered mean tone dose - dependency throughout 
the concentration range employed.
I have therefore to consider the likely effects on tone of 
blocking, respectively
(1) the Na+ channel
(2) Na+ - H+ exchange and
(3) 2Na+ - Ca2+ exchange.
(1) Blocking of membrane Na+ channels would directly increase 
Em and consequently decrease voltage - dependent Ca2+ influx. 
Therefore tone would decrease.
(2) An inhibition of the Na+ - H+ exchange would raise
2+cytoplasmic H+ and effectively increase tone; H+j displacing Ca j 
from intracellular stores and making more Ca2+j available for 
contraction.
ry .
(3) Blocking "the 2Na+ - Ca2+ exchanger" would raise [Ca \  
and so increase tone.
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The drug doses which relaxed vessels must have been working by 
m echanism  (1). The drug doses which constricted them could
have been working by either (2 ) or (3 ).
With 'C' both (2) and (3) above are said to be inhibited and if 
these were the only mechanisms the direction of the change in 
tone m ust be an increase. The decrease observed with lower 
concentrations thus clearly indicates that some other effect such 
as (1 ) is present too.
W hen Na+ 0  was reduced by substitution with Li+ or K+,
amiloride reduced tone to about l/3 rd  (Fig. 28). If Li+ enters the 
cell by the Na+ conductance channel, it is possible that this entry 
is blocked by mechanism (1) above. With 140mM K+, there is no 
workable m echanism for which there is independent evidence.
Possibly, in 0-Na+0, K+ would enter partly by the Na+ channel that
is blocked by amiloride. However, if K+ was say only about 50mM,
a block of P]vja will allow K+ a freer reign, and relative
hyperpolarization will occur by the basic mechanism (1 ) above.
Ouabain had little effect on tone Fig. 11A indicating that
inhibition of Na+/K + ATPase which should increase [Na+]t had little
effect on Ca^+ influx rate (cf Van Rossum, 1970 b) •
I turn now to the effects of the drugs upon the rates at which
tone adapts after NH^+ - induced dilatations and acid - induced
constrictions. Generally amiloride and all the analogues employed 
inhibited to varying degrees both these adaptations. It is 
impossible to separate the various influences ( (l)-(3) above) in
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m ost of the instances; none of the drugs seem to have acted as 
specifically as had previously been claimed. However, the most 
important point, for the general theme of this Thesis, is that the 
relative retarding effects, on the recovery from acid constriction of 
the "2Na+ - Ca^+ inhibitor" was far less than that of "the Na+ -H+ 
inhibitor"; therefore Na+ - H+ exchange is (as in all other cells) the 
predominant mechanism, if the prior experiments (Cragoe et al 
1984) were correctly interpreted. In fact, as probably neither 
inhibitor is 100% specific, Na+ -H+ may be the only one.
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CONCLUSION
In all normal circum stances extracellular acidity reduces 
vascular tone whereas with mammalian vessels intracellular acidity
does the opposite. Therefore pH0  and pH  ^affect vascular tone via
different mechanisms. It is proposed that the basic mechanism
where by pHj modifies tone is that increased [H+]i displaces Ca^+
from intracellular stores therefore raising [Ca^+]j and increasing 
the activation of the contractile proteins.
pH  ^ is regulated by two main ion exchange mechanisms. These
are
(i) a Cl" - HCO3 " exchange, operative particularly in the extrusion 
of excess alkali and
(ii) a Na+ -H+ exchange with a predominant role in eliminating 
excess acidj.
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